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ABSTRACT 


The  utilization  of  carbohydrate  and  fat  by 
ruminants  for  cold  induced  heat  production  was  studied  in 
closely  shorn  ewes.  Three  sheep  were  "warm  conditioned"  in 
a  chamber  maintained  at  18  i2°C  and  another  three  were 
"cold  conditioned"  in  a  chamber  maintained  at  -2  i2°C  for 
a  minimum  of  4  weeks  prior  to  any  trials.  Isotopically 
labelled  glucose  or  palmitate  was  continuously  infused  into 
the  sheep  during  each  trial  in  which  sheep  were  exposed  to 
18  +2 ,  -2  ±2  or  -24  +2°C  in  either  a  fed  or  fasted  state. 

The  recovery  of  labelled  palmitate  from  plasma  was  not 
satisfactory.  Therefore  parameters  of  palmitate  metabolism 
were  estimated  from  the  plasma  palmitate  concentrations  and 
the  specific  activities  of  the  CC>2  produced. 

In  most  cases  the  hematocrits  and  heat  production 
of  sheep  exposed  to  cold  (-2  or  -24°C)  were  higher  and  the 
respiratory  quotients  lower  than  those  of  sheep  exposed 
to  warm  (18°C) . 

Sheep  chronically  exposed  to  18°C  had  an  average 
glucose  flux  of  1.24  mg/min/kg  when  fed  and  1.13  mg/min/kg 
when  fasted.  Approximately  19%  of  the  glucose  fluxes  in 
these  sheep  were  oxidized  to  CC>2  which  accounted  for  approx¬ 
imately  3.5%  of  the  total  heat  production  in  both  fed  and 
fasted  states.  Palmitate  accounted  for  a  similar  percent  of 
the  heat  production  as  glucose  when  the  sheep  were  in  a  fed 
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state,  however  the  estimates  of  the  percent  heat  production 
from  palmitate  were  2-3  times  greater  when  the  sheep  were 
in  a  fasted  state.  Fasting  generally  increased  the  percent 
of  the  heat  production  derived  from  palmitate  in  both  warm 
and  cold  conditioned  sheep  and  decreased  the  percent  of 
the  heat  production  derived  from  glucose  in  cold  conditioned 
sheep.  The  percent  of  the  heat  production  derived  from 
glucose  and  palmitate  in  fed  sheep  chronically  exposed  to 
-2°C  was  approximately  125%  and  28%  greater,  respectively, 
than  those  observed  for  fed  sheep  chronically  exposed  to 
18°C.  The  percent  of  the  heat  production  derived  from 
glucose  and  palmitate  in  fed  warm  conditioned  sheep  acutely 
exposed  to  -24°C  was  approximately  125%  and  200%  greater, 
respectively,  than  those  observed  for  the  warm  conditioned 
sheep  chronically  exposed  to  18°C.  The  cold  conditioned 
sheep  had  higher  rates  of  glucose  oxidation  and  slightly 
lower  rates  of  palmitate  oxidation  than  warm  conditioned 
sheep  at  either  18  or  -24°C  when  fed.  However,  the  percent 
of  the  glucose  flux  oxidized  to  CC^  in  the  cold  conditioned 
sheep  was  less  than  that  of  the  warm  conditioned  sheep 
when  fed  and  became  even  less  when  fasted. 

It  is  concluded  that  carbohydrate  as  well  as  fat 
are  utilized  for  cold  induced  heat  production  in  ruminants. 
Further,  cold  conditioning  enhances  the  role  of  glucose  in 
heat  production  in  fed  sheep. 
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INTRODUCTION 


Large  numbers  of  ruminants  exist  in  naturally 
cold  regions  such  as  Western  Canada.  Livestock  producers 
in  these  regions  must  be  aware  of  the  effect  of  cold 
environments  on  animal  production  if  they  are  to  efficiently 
feed  and  maintain  their  animals.  An  understanding  of 
animal  homeothermy  will  better  equip  us  to  evaluate  the 
effects  of  cold  on  animal  production. 

The  contribution  of  the  major  substrates  - 
carbohydrate ,  fat  and  protein  -  to  the  increased  heat 
production  associated  with  cold  exposure  in  ruminants  is 
in  doubt.  On  the  basis  of  respiratory  quotients  (RQ) 

Graham  et  al  (1959)  and  Blaxter  and  Wainman  (1961)  suggested 
that  sheep  and  cattle,  respectively,  utilized  fat  as  the 
sole  source  of  energy  for  the  increased  heat  production. 

Pag£  and  Chenier  (1953)  made  a  similar  suggestion  for  rats 
on  the  basis  of  RQ  measurements.  However,  in  1966,  Masoro, 
after  reviewing  the  available  literature  concluded  that 
although  fat  is  a  major  fuel,  all  three  energy  sources  - 
fat,  carbohydrate  and  protein  -  are  used  for  cold  induced 
thermogenesis.  His  conclusion  was  based  mainly  on  measure¬ 
ments  of  nitrogen  excretion  in  rats  and  studies  on  rats 
where  isotopically  labelled  glucose  and  palmitate  were 
used. 


In  ruminants  the  majority  of  ingested  carbohydrate 
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is  converted  in  the  rumen  to  volatile  fatty  acids  (Eldsen 
and  Phillipson  1948;  and  Heald  1952)  thus  limiting  the 
amount  of  carbohydrate  available  for  absorption.  Ruminants , 
unlike  monogastrics ,  must  therefore  rely  largely  upon 
endogenous  formation  of  glucose  (a  major  animal  carbohydrate) 
to  meet  their  metabolic  requirements  for  glucose.  Thus, 
there  is  still  some  doubt  as  to  the  availability  and 
utilization  of  glucose  by  ruminants  for  the  increased  heat 
production  associated  with  cold  exposure. 

The  present  thesis  was  undertaken  to  determine 
whether  ruminants  utilize  glucose  as  well  as  fat  for  cold 
induced  thermogenesis.  Isotopically  labelled  glucose  and 
palmitate  were  used  to  monitor  glucose  and  palmitate 
metabolism  in  sheep  acutely  or  chronically  exposed  to  warm 
or  cold  temperatures. 
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LITERATURE  REVIEW 


Animals  which  regulate  heat  production  and  heat 
loss  to  maintain  body  temperature  are  called  homeotherms. 

Most  mammals  and  birds  fall  into  this  group  (Brengelmann 
and  Brown  1965) ,  Homeotherms  must  decrease  heat  loss, 
increase  heat  production  or  both  to  maintain  body  temperature 
when  exposed  to  cold.  Heat  loss  is  primarily  regulated  by 
physical  means  whereas  heat  production  is  regulated  by 
chemical  means.  Examples  of  the  physical  means  whereby 
an  animal  can  regulate  heat  loss  are:  piloerection,  postural 
changes  and  altering  the  blood  flow  to  the  periphery. 

Physical  mechanisms  of  conserving  heat  are  limited  in  the 
temperature  changes  with  which  they  can  cope.  When 
temperatures  fall  below  this  limit  additional  heat  is 
produced  by  oxidative  processes  (Evans  1956;  and  Carlson 
1963) •  That  temperature  below  which  heat  production  in  an 
animal  increases  is  referred  to  as  the  animal's  lower  critical 
temperature  (Blaxter  1958) .  Heat  production  in  cattle 
(Blaxter  and  Wainman  1961)  and  sheep  (Graham  et  al  1959) 
have  been  increased  by  exposing  the  animals  to  controlled 
cold  environments.  Webster  (1966)  and  Webster  et  al  (1969) 
reported  that  under  severe  cold  stress  the  heat  production 
of  adult  sheep  may  be  increased  by  as  much  as  five  times 
the  fasting  heat  production. 

The  capacity  of  an  animal  to  increase  its  rate 
of  heat  production  limits  its  resistance  to  severe  cold. 


3 


4 


It  has  been  shown  that  an  animal's  resistance  to  cold  is 
influenced  by  its  previous  exposure  to  cold  temperatures 
(Hart  1957;  Hdroux  1963;  Masoro  1966;  Webster  et  al  1969; 
Slee  1972;  Young  1972;  and  Young  and  Christopherson  1974). 
Slee  (1972)  found  that  the  resistance  of  sheep  to  body 
cooling  (measured  during  acute  cold  exposures)  was 
generally  increased  by  both  previous  chronic  and  acute 
cold  exposures.  The  resting  heat  production  and  the 
capacity  to  increase  this  heat  production  during  severe 
cold  stress  were  observed  by  Webster  et  al  (1969)  to  be 
enhanced  by  previous  exposure  of  sheep  to  controlled  cold 
temperatures.  Although  this  work  may  be  confounded  by  the 
increased  food  intake  of  the  sheep  when  exposed  to  cold, 
recent  results  of  studies  on  cattle  fed  at  a  constant  level 
were  published  by  Young  in  1972  and  Young  and  Christopherson 
1974  which  indicate  that  there  is  increased  heat  production 
in  ruminants  adapted  to  cold  even  when  there  is  no  direct 
cold  stress  imposed. 

The  increased  heat  production  associated  with 
cold  may  utilize  energy  substrates  which  would  otherwise 
be  available  for  production.  The  purpose  of  this  review 
of  literature  is  to  attempt  to  answer  the  following 
questions : 

1.  What  substrates  can  be  used  by  an  animal  for  heat 
production? 

2.  What  factors  affect  the  availability  of  the  substrates? 
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3.  What  is  currently  known  about  substrate  utilization 
in  the  ruminant  for  cold  induced  heat  production? 

A.  Substrates  Used  for  Heat  Production 

In  this  section  we  will  be  attempting  to  answer 
the  question:  What  substrates  can  be  used  by  an  animal  for 
heat  production?  There  are  only  two  sources  of  energy 
substrates  normally  available  to  an  animal.  One  source  is 
the  animal's  own  body  and  the  other  source  is  the 
animal's  diet. 

a)  Energy  substrates  from  body 

The  body  composition  of  a  mature  ruminant  is 
approximately  as  follows  (Crampton  and  Lloyd  1959) : 


Water 

41 

-  57% 

Fat 

18 

-  41% 

Protein 

15 

-  17% 

Ash 

3 

-  4% 

Carbohydrate 

% 

<1% 

Only  fat,  protein  and  carbohydrate  can  be  used  by  the 
animal  as  energy  substrates. 

Fat  is  usually  the  most  abundant  energy  substrate 
and  is  distributed  throughout  the  body  in  the  adipose 
tissues.  In  terms  of  protection  from  cold,  fat  plays  two 
roles;  i.  it  can  act  as  a  source  of  energy  for  heat 
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production  and  ii.  when  distributed  subcutaneously  it 
increases  thermal  insulation  thus  reducing  the  requirement 
for  greater  heat  production* 

Protein,  a  major  component  of  muscle  is  also 
relatively  abundant  in  the  animal  body.  However,  the 
maintenance  of  protein  mass  is  crucial  to  an  animal's 
survival  (Cahill  et  al  1970) .  Amino  acids,  the  components 
of  protein,  can  be  oxidized  directly  or  may  first  be  converted 
to  glucose  via  gluconeogenesis  and  then  oxidized  (Ford  and 
Reilly  1969) •  The  direct  measurement  of  protein  or  amino 
acid  utilization  was  not  attempted  in  the  present  study. 

Carbohydrate  is  found  in  the  body  chiefly  in 
the  form  of  liver  glycogen,  together  with  small  amounts 
of  muscle  glycogen  and  blood  sugar  (Crampton  and  Lloyd 
1959) .  Since  carbohydrate  is  less  than  1 %  of  the  total 
body  composition  it  is  evident  that  the  amount  of  glycogen 
is  limited  (Cahill  et  al  1970;  and  Milligan  1971) .  The 
glycogen,  when  broken  down  into  smaller  compounds,  yields 
glucose  which  can  serve  as  an  emergency  fuel  for  severe 
stress  or  activity  (Cahill  et  al  1970) .  Pernod  et  al  (1972) 
suggested  that  the  amount  of  liver  glycogen  in  dogs  may  be 
a  limiting  factor  during  acute  cold  exposure  because  of 
the  large  hepatic  glucose  output.  During  prolonged  cold 
exposure,  the  availability  of  carbohydrate  depends  on  the 
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mobilization  of  glucose  from  glycogen,  the  rate  of 
carbohydrate  absorption  from  the  gut  and  the  rate  of 
gluconeogenesis . 

b)  Energy  substrates  from  diet 

Fat,  protein  and  carbohydrate  are  the  major 
energy  substrates  present  in  the  diet. 

Fat  usually  makes  up  a  small  portion  (  <3%)  of 
the  ruminant's  diet.  However,  short  chain  volatile  fatty 
acids  are  formed  from  carbohydrate  in  the  rumen  and  form 
a  significant  part  of  the  absorbed  energy.  Seely  et  al 
(1967)  suggested  that  the  volatile  fatty  acids  (VFA's) 
supply  60  -  80%  of  the  daily  metabolizable  energy  intake 
of  sheep.  Acetate,  propionate  and  butyrate  are  the 
principle  VFA's  arising  from  fermentation  in  the  rumen. 

A  50  kg  sheep  receiving  800  g  of  pelleted  alfalfa  hay 
daily  absorbs  between  100  and  250  g  of  acetate,  30  and 
60  g  of  propionate  and  5  and  15  g  of  butyrate  per  day 
(Ford  1965;  Bergman  and  Wolff  1971) .  Bergman  and  Wolff 
(1971)  found  that  the  turnover  of  acetate  by  the  liver  in 
sheep  accounted  for  only  4  to  14%  of  its  net  turnover  and 
hence  acetate  must  be  utilized  extensively  by  other  tissue. 
Little  or  no  butyrate  appears  in  the  portal  blood  (Annison 
et  al  1957;  and  Bergman  and  Wolff  1971)  since  the  majority 
of  the  butyrate  is  either  converted  to  the  ketone  B-hydroxy- 
butyrate  by  the  rumen  epithelium  (Leng  and  West  1969)  or  is 
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taken  up  by  the  liver  (Bergman  and  Wolff  1971) .  In  vitro 
studies  support  the  theory  that  rumen  epithelium  converts 
substantial  quantities  of  the  butyrate  to  B-hydroxybutyrate 
(Pennington  1952;  and  Hird  and  Weidemann  1964).  Propionate 
may  be  utilized  to  a  small  extent  by  the  rumen  epithelium 
and  is  otherwise  largely  removed  by  the  liver  (Leng  and 
Annison  1963;  and  Bergman  and  Wolff  1971)  with  the  result 
that  levels  of  propionate  in  post-hepatic  circulation  are 
negligible . 

The  recommended  crude  protein  content  of  a 
ruminant  ration  is  5  to  15%  on  a  dry  matter  basis  (NRC/ 

1970) .  Approximately  75%  of  the  ingested  nitrogen  in  the 
crude  protein  fraction  would  be  absorbed  in  the  form  of 
amino  acids.  Amino  acids  can  be  used  directly  as  energy 
substrates.  Ford  and  Reilly  (1969)  found  that  55  and  68% 
of  the  free  amino  acids  were  oxidized  directly  to  CC>2  in 
sheep  fed  hay  containing  49  g  crude  protein  per  day  or  a 
grass  nut  diet  containing  88  g  crude  protein  per  day, 
respectively. 

The  largest  portion  of  the  ruminant's  diet  (80-85%) 
is  carbohydrate.  However,  bacterial  fermentation  in  the 
rumen  reduces  the  majority  of  ingested  carbohydrate  to 
VFA's  (Eldsen  and  Phillipson  1948;  and  Heald  1952)  and 
hence  only  a  small  portion  of  the  carbohydrate  ingested 
is  absorbed  as  glucose  (Heald  1951;  and  Lindsay  1961). 

The  small  difference  in  glucose  concentration  observed 
between  portal  and  carotid  blood  in  sheep  (Schambye  1951; 
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and  Annison  et  al  1957)  indicates  a  low  rate  of  glucose 
absorption  from  the  gut.  On  the  basis  of  measurements  of 
the  net  rate  of  glucose  absorption  via  the  portal  blood 
in  sheep,  Bergman  et  al  (1970)  concluded  that  glucose 
absorption  from  the  digestive  tract  did  not  occur  in 
suff'icient  amounts  to  significantly  augment  total  glucose 

availability.  The  amount  of  carbohydrate  from  roughage 

% 

diets  escaping  fermentation  to  volatite  fatty  acids  is 
small,  although  the  amount  from  concentrate  diets  may  be 
appreciable  (Lindsay  1970) .  However  Bergman  et  al  (1970) 
found  that  more  glucose  was  utilized  by  the  portal  drained 
viscera  of  sheep  than  was  absorbed  regardless  of  the  diet 
which  indicates  that  the  requirements  of  sheep  for  glucose 
are  greater  than  that  supplied  by  the  diet.  Therefore 
ruminants  must  rely  on  endogenous  synthesis  of  glucose  to 
meet  their  daily  requirements  (Ford  1965;  and  Ballard  et  al 
1969) •  What  then  are  the  requirements  for  glucose  in  a 
ruminant?  This  is  an  important  question  since  an  increase 
in  glucose  demand  imposed  by  cold  must  also  be  met  by 
endogenous  synthesis. 

c)  Glucose  requirements  of  ruminants 

Acetate,  the  principle  VFA  absorbed  from  the 
gastrointestinal  tract  is  a  major  energy  substrate  (Annison 
and  Lindsay  1961)  whose  role  as  a  fuel  has  been  compared 
by  Lindsay  (1961)  to  that  of  glucose  in  the  non- ruminant . 
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Acetate  may  be  oxidized  directly  for  energy  or  may  be 
incorporated  into  fat  stores  for  later  use.  Although 
acetate  in  the  ruminant  may  be  analogous  in  some  ways  to 
glucose  in  the  non-ruminant,  it  can  not  meet  all  the 
demands  for  glucose  in  the  ruminant.  For  example  McClymont 
and  Setchell  (1956)  were  unable  to  demonstrate  any  uptake 
of  acetate  by  sheep's  brain  in  vivo,  however,  glucose 
uptake  was  substantial  and  its  complete  oxidation  could 
account  for  the  whole  of  oxygen  consumption  of  this  tissue. 
Significant  amounts  of  glucose  are  utilized  by  neural,  fetal 
and  mammary  tissue  and  portal  drained  viscera  of  ruminants 
(Bergman  et  al  1970)  .  Glucose  is  required  for  the 
carbohydrate  moiety  of  glycolipids,  nucleic  acids, 
mucopolysaccharides  and  for  the  glycerol  of  glycerides 
(Ford  1965)  . 

Glucose  also  appears  to  play  an  important  role 
in  the  metabolism  of  lipids.  The  oxidation  of  glucose  via 
the  pentose  phosphate  pathway  is  an  important  source  of 
reduced  nicotinamide  adeninedinucleotide  required  for 
fatty  acid  synthesis  (Ford  1965  and  Ballard  et  al  1969) • 

In  vitro  experiments  in  rat  adipose  tissue  indicate  that 
glucose  and  gluconeogenic  substrates  enhance  lipolysis 
(Masoro  and  Panagos  1956;  Ho  1970;  and  Ho  et  al  1970). 
Jarrett  and  Potter  (1957)  suggested  that  carbohydrate  was 
required  for  the  formation  of  oxaloacetate  and  that  the 
concentration  of  oxaloacetate  is  a  limiting  factor  in  the 
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oxidation  of  acetate  through  the  tricarboxylic  acid  cycle. 

If  oxaloacetate  is  a  limiting  factor  for  the  oxidation  of 
acetate  it  would  also  be  a  limiting  factor  for  the  oxidation 
of  longer  chain  free  fatty  acids. 

Thus  there  is  an  apparent  requirement  for  glucose 
in  the  ruminant  as  in  the  monogastric.  This  is  reflected 
in  the  fact  that  there  is  little  difference  in  the  rate 
of  glucose  utilization  between  ruminants  and  monogastrics 
when  the  rates  are  expressed  in  terms  of  surface  area 
(Baxter  et  al  1955)  or  body  weight  (Annison  and  White 
1961;  Kronfeld  and  Simesen  1961;  Ford  1963;  and  Ballard 
et  al  1969) ,  Since  very  little  glucose  is  absorbed  in 
ruminants,  these  requirements  must  be  met  by  the  conversion 
of  other  substrates  within  the  animal  to  glucose, 

d)  Sources  of  glucose  for  ruminants 

Of  the  three  major  VFA's  -  acetate,  propionate 
and  butyrate  -  only  propionate  makes  a  net  contribution 
to  glucose  synthesis  (Black  et  al  1961;  Annison  et  al 
1963;  Bergman  1963;  and  Annison  and  Linzell  1964)  although 
all  three  may  stimulate  gluconeogenesis  (Leng  and  Annison 
1963;  and  Ballard  et  al  1969) .  The  stimulation  of 
gluconeogenesis  by  the  VFA's  is  believed  to  arise  from 
the  activation  of  pyruvate  carboxylase  by  short  chain  acyl 
coenzyme  A  molecules  formed  in  the  liver  from  the  VFA's 
(Ballard  et  al  1969) •  The  activation  of  pyruvate  carboxylase 
increases  the  rate  of  formation  of  oxaloacetate,  an  important 
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substrate  for  gluconeogenesis . 

On  the  basis  of  published  results.  Ford  (1965) 
estimated  that  dietary  propionate  and  absorbed  glucose 
could  supply  only  33  to  67%  of  the  total  glucose  require¬ 
ment.  In  contrast,  Leng  et  al  (1967)  found  that  enough 
propionate  was  produced  in  the  rumen  to  account  for  100% 
of  the  glucose  requirements,  however,  upon  measurement  of 
propionate  conversion  to  glucose,  they  found  that  only 
54%  of  the  glucose  was  derived  directly  from  propionate. 
However,  Leng ' s  estimates  account  for  only  the  direct 
conversion  of  propionate  carbon  to  glucose  carbon.  It  is 
probable  that  during  the  catabolism  of  propionate  there 
are  exchanges  of  carbon  and  hence  propionate  may  contribute 
more  carbon  to  gluconeogenesis  indirectly.  For  example, 
if  labelled  propionate  is  metabolized  to  oxaloacetate  (OAA) 
and  enters  the  unlabelled  OAA  pool  it  is  quite  likely  that 
unlabelled  OAA  may  in  turn  be  used  for  gluconeogenesis. 

Two  minor  VFA's,  valeric  and  isobutyric,  are 
potential  precursors  for  glucose  synthesis  however,  they 
make  up  only  2-4%  of  the  total  VFA's  (Leng  1970). 

As  well  as  glucose  from  VFA's  some  may  be  derived 
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from  amino  acids.  By  the  infusion  of  a  mixture  of  C-amino 
acids  into  sheep  and  comparing  specific  activities  of 
plasma  amino  acids  and  glucose.  Ford  and  Reilly  (1969) 
estimated  that  between  11-17%  of  the  glucose  was  derived 
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from  amino  acids.  However,  as  pointed  out  by  Lindsay 
(1970) ,  the  validity  of  such  studies  is  questionable  since 
it  is  not  known  to  what  extent  plasma  amino  acids  equilibrate 
with  tissue  amino  acids  or  whether  the  equilibration  is 
similar  for  all  amino  acids.  There  are  also  large 
differences  in  the  ability  of  amino  acids  to  contribute 
to  glucose  synthesis.  Wolff  et  al  (1972)  estimated  that 
amino  acids  contribute  less  than  25%  of  the  glucose. 

In  times  of  active  fat  mobilization  such  as 
occur  in  undernutrition  or  starvation,  the  glycerol 
released  from  adipose  tissue  contributes  significantly  to 
glucose  synthesis  (Eergman  1968) . 

Table  1  from  Leng's  review  (1970)  of  "Glucose 
Synthesis  in  Ruminants"  summarizes  the  possible  sources 
of  glucose  in  a  35  kg  sheep  receiving  800  g  of  alfalfa 
chaff  per  day. 

Propionate  and  amino  acids  have  the  greatest 
potential  for  glucose  synthesis  in  fed  sheep  and  may 
account  for  40-70%  of  the  glucose  turnover  (Bergman  1973) . 
Glycerol  largely  replaces  propionate  as  a  glucose  precursor 
in  the  fasted  animal.  Amino  acids  in  the  fasted  animal 
account  for  approximately  70%  of  the  glucose  requirements 
(Bergman  1973) . 
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Table  1 .  Possible  Substrates  for  Glucose  Synthesis  in  Sheep 

(Lenq  1970) 


Potential  for  glucose 
synthesis 


Source  of  Glucose 

(g/day) 

(mg/min/kg) 

Ruminal  propionate 

85-90 

1.69-1.79 

Absorbed  glucose 

5 

0.10 

From  glycerol  of  fat  origin 

6 

0.12 

Ruminal  valeric  &  isobutyric  acids 

19 

0.39 

Amino  acids  from  digestive  tract 

55-65 

1.08-1.28 

Total 

170-185 

3.38-3.68 

Irreversible  loss  of  glucose 

86 

1.71 

Since  the  glucose  requirement  of  ruminants  must 
be  met  by  other  body  substrates  it  is  possible  that  glucose 
might  be  spared  during  times  of  increased  energy  demand  such 
as  that  seen  with  cold. 

e)  Possible  glucose  sparing  mechanisms  in  ruminants 

Fasting  may  cause  ketone  production  to  increase 
in  both  ruminants  (Palmquist  1972;  and  Leng  and  West  1969) 
and  monogastrics  (Masoro  1966;  and  Cahill  et  al  1970). 

During  prolonged  fasts  in  humans,  the  ketones  replace  a 
major  share  of  the  brain's  glucose  requirements  (Owen  et  al 
1967)  .  Ketones  are  formed  by  the  incomplete  oxidation  of 
fat  and  therefore  the  filling  of  glucose  requirements  with 
ketones  will  spare  glucose  and  hence  protein  at  the  expense 
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of  fat,  A  similar  mechanism  may  exist  in  ruminants. 

The  recycling  of  glucose  carbon  via  the  Cori 
cycle  might  also  be  an  important  means  of  sparing  glucose 
when  gluconeogenic  substrates  are  low  (Leng  1970) .  It  is 
also  possible  that  glucose  products  might  be  used  as 
catalysts  to  increase  citric  acid  cycle  intermediates,  so 
that  more  FFA  could  be  oxidized  which  in  turn  would  spare 
glucose . 

Unlike  the  monogastric,  the  ruminant  converts 
very  little  glucose  to  FFA,  and  both  the  liver  and  adipose 
tissue  have  low  levels  of  the  key  enzymes  of  the  citrate 
cleavage  pathway  (Ballard  et  al  1969) .  Similarly  glucose 
does  not  yeild  FFA  in  the  mammary  tissue  of  ruminants 
(Lindsay  1971) .  Thus  glucose  is  spared  in  the  ruminant 
by  the  low  conversion  rate  to  FFA. 

Glucose  and  protein  may  be  spared  by  the  action  of 
growth  hormone  in  times  of  increased  energy  demand.  The 
concentration  of  growth  hormone  in  the  plasma  is  increased 
with  stress  (cold,  pain,  surgical  stress,  apprehension,  etc.) 
fasting  and  exercise  (Grodsky  1971).  Olsen  and  Trenkle  (1973) 
found  increased  levels  of  growth  hormone  in  cattle  exposed 
to  controlled  subzero  temperatures.  An  excess  growth  hormone 
has  been  implicated  in  the  etiology  of  ketosis  (Seekles 
1948;  and  Kronfeid  1965)  and  pregnancy  toxemia  (Reid  1968) 
in  ruminants.  It  is  well  known  that  growth  hormone  impairs 
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glucose  utilization  (Hollobaugh  et  al  1968;  Astwood  1970; 
and  Grodsky  1971)  and  stimulates  fat  mobilization  (Knobil 
and  Hotchkiss  1964;  Astwood  1970;  and  Grodsky  1971) .  Hence, 
there  are  feasible  mechanisms  which  may  act  to  spare  glucose 
in  the  ruminant,  however  their  role  in  cold  thermogenesis 
is  not  well  understood. 

B.  Availability  of  Substrates 

Many  factors  affect  the  availability  of  substrates 
in  animals.  However,  in  a  study  of  the  effects  of  cold  on 
substrate  utilization  factors  such  as  growth,  pregnancy  and 
lactation  can  be  removed  or  studied  separately  and  therefore 
they  will  not  be  considered  here.  Reviews  on  the  effects 
of  growth  and  reproduction  on  glucose  utilization  can  be 
found  in  the  literature  (Ford  1965;  Leng  1970;  Lindsay  1970; 
and  Lindsay  1971)  .  However,  the  effects  of  nutritional 
status  can  not  be  separated  from  the  effects  of  cold  on 
substrate  utilization  and  hence  a  brief  consideration  will 
be  given  to  this  topic  as  it  relates  to  the  theme  of  the 
thesis . 

Nutritional  status  and  substrate  availability 

Substrate  availability  and  blood  levels  are 
determined  by  the  nutritional  status  of  an  animal.  In  a 
recent  review,  Bowden  (1971)  related  the  nutritional  status 
of  ruminants  to  the  concentrations  of  free  fatty  acids  (FFA) 
and  ketones  in  the  blood.  The  concentration  of  plasma  FFA 
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in  sheep  increases  before  feeding,  decreases  to  a  minimum 
2  to  4  h  after  eating  (Annison  1960)  and  then  gradually 
increases  until  the  next  feeding  (Russel  et  al  1967) • 
Variations  in  plasma  FFA  levels  in  cows  related  to  feeding 
times  have  been  observed  by  Hartmann  and  Lascelles  (1965) 
and  Kronfeld  (1965) .  Furthermore  with  prolonged  starvation 
the  concentration  of  FFA  and  ketones  continues  to  increase 
whereas  glucose  concentration  decreases  (Patterson  et  al 
1964) .  The  greater  FFA  utilization  associated  with  fasting 
results  in  higher  ketone  production  (Leng  and  West  1969; 
Bergman  et  al  1970;  and  Palmquist  1972) .  In  the  fed  animal 
78-94%  of  the  ketones  are  derived  from  butyrate,  however, 
the  source  of  ketone  production  is  shifted  towards  FFA  with 
fasting  (Leng  and  West  1969) •  Ketones  appear  to  enhance 
FFA  oxidation  (Wakil  and  Bressler  1962)  and/or  depress  FFA 
mobilization  (Menahan  et  al  1966) . 

Bergman  and  coworkers  (1968)  calculated  that  the 
glycerol  released  with  the  mobilization  of  FFA  provides 
about  25%  of  the  estimated  glucose  requirement  of  fasted 
sheep.  The  remainder  of  the  glucose  needs  during  fasting 
are  thought  to  be  supplied  largely  from  amino  acids 
(Bergman  1973) • 

The  fed  ruminant  derives  the  majority  of  its 
daily  energy  requirements  from  absorbed  volatile  fatty 
acids  (Bergman  et  al  1965) .  During  times  of  undernutrition 
or  fasting  FFA  mobilized  from  body  stores  largely  replace 
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the  role  of  the  volatile  fatty  acids.  The  supply  of  glucose 
precursors  to  meet  glucose  requirements  is  shifted  from 
propionate  and  absorbed  amino  acids  to  glycerol  and  amino 
acids  mobilized  from  body  stores  (Bergman  1973) .  Likewise 
the  amino  acid  supply  is  shifted  from  absorption  from  the 
gut  to  mobilization  from  body  protein  stores. 

c.  Substrate  Utilization  for  Cold  Induced  Heat  Production 

Graham  et  al  (1959)  and  Blaxter  and  Wainman  (1961) 
estimated  the  quantity  of  fat,  protein  and  carbohydrate 
dissimilated  completely  in  ruminants  exposed  to  different 
temperatures  from  nitrogen  metabolism,  methane  production, 
oxygen  consumption  and  non-protein  respiratory  quotients. 
They  concluded  that  the  source  of  additional  heat  in  sheep 
(Graham  et  al  1959)  and  cattle  (Blaxter  and  Wainman  1961) 
exposed  to  temperatures  below  their  critical  temperature 
was  entirely  increased  fat  catabolism.  Similar  estimates 
based  on  respiratory  quotients  led  Kayser  (1937)  and  Pag£ 
and  Chdnier  (1953)  to  conclude  that  fat  was  used  exclusively 
for  the  increased  heat  production  of  rats  exposed  to  acute 
or  chronic  cold. 

The  exclusive  use  of  fat  for  cold  induced  heat 
production  in  the  rat  was  widely  accepted  for  a  time  but 
was  questioned  by  Masoro  in  1966.  Liver  glycogen  reserves 
in  the  rat  are  rapidly  depleted  on  initial  exposure  to 
cold  (Masoro  et  al  1954) .  Depocas  and  Masironi  (1960) 
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using  U-^  C-glucose  found  that  a  similar  proportion  of  the 
CC>2  (approximately  2  0-22%)  was  derived  from  glucose  in  fed 
rats  whether  they  were  exposed  to  warm,  or  acute  or  chronic 
cold.  This  reveals  that  the  increase  in  glucose  metabolism 
in  rats  exposed  to  cold  is  proportional  to  the  increase 
in  total  catabolism  and  hence  probably  heat  production. 
Although  a  smaller  proportion  of  the  C02  is  derived  from 
glucose  in  the  fasted  rat  a  similar  response  to  that 
found  in  fed  rats  was  observed  with  exposure  to  cold 
(Depocas  1962) • 

The  participation  of  glucose  in  cold  induced 
heat  production  in  the  rat  is  further  supported  by  the 
enzyme  changes  observed  during  cold  adaptation  of  rats  by 
Nakagawa  and  Nagai  (1971) .  Within  twelve  hours  of  cold 
exposure  they  observed  in  rat  liver  an  increased  activity 
of  phosphoenolpyruvate  carboxykinase  and  serine  dehydratase, 
two  key  gluconeogenic  enzymes.  In  contrast  key  glycolytic 
and  lipogenic  enzymes  in  the  liver  were  found  to  decrease 
in  activity  within  72  h.  The  glycolytic  enzymes  in  muscle 
increased.  These  enzyme  changes  suggest  that  increased 
gluconeogenesis  in  response  to  cold  supplies  glucose  as 
a  source  of  energy  for  shivering  muscle  (Nakagawa  and  Nagai 
1971) . 

Protein  catabolism  also  increases  in  rats  upon 
cold  exposure  which  is  evidenced  by  the  increased  urinary 
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nitrogen  excretion  with  initial  (You  et  al  1950)  and 
prolonged  cold  (Young  and  Cook  1955) .  On  the  basis  of 
increased  urea  concentrations  in  the  liver  and  blood 
plasma  of  cold  exposed  rats,  Nakagawa  and  Nagai  (1971) 
suggested  that  proteins  or  amino  acids  are  utilized  as 
substrates  for  cold  induced  gluconeogenesis  even  in 
animals  on  a  carbohydrate  rich  diet. 

After  reviewing  the  literature  on  rats,  Masoro 
(1966)  came  to  the  conclusion  that  fat  is  not  the  exclusive 
fuel,  nor  is  it  preferentially  utilized  for  the  increased 
heat  production  associated  with  cold  exposure,  but  rather 
that  the  utilization  of  all  available  substrates  is  increased. 

The  question  arises  as  to  why  the  RQ  value  may  be 
a  poor  indicator  of  substrate  utilization  in  vivo.  In 
calculating  the  contribution  of  substrates  to  heat  production 
from  nitrogen  metabolism  and  non-protein  respiratory  quotients 
(RQ's)  it  is  assumed  that  all  the  substrates  are  completely 
oxidized  which  may  not  be  the  case.  For  example,  via  the 
Cori  cycle  glucose  released  from  the  liver  is  catabolized 
to  lactate  by  muscle  with  the  release  of  energy.  The 
lactate  is  then  returned  to  the  liver  where  it  is  resynthe¬ 
sized  to  glucose.  The  increased  glucose  utilization  with 
activation  of  the  Cori  cycle  is  not  reflected  in  RQ's  since 
it  is  an  anaerobic  process  with  no  loss  of  carbon  dioxide. 
Glucose  could  also  be  converted  to  pyruvate  by  anaerobic 
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glycolysis  and  hence  to  OAA  which  requires  the  uptake  of 
CC>2  and  therefore  lowers  RQ.  If  OAA  levels  are  increased 
in  the  body,  which  they  most  likely  are  in  times  of  increased 
metabolism,  then  RQ  would  be  decreased  as  a  result.  However, 
this  decrease  would  be  interpreted  as  increased  fat  metabolism 
with  no  recognition  being  given  the  increased  glucose 
utilization.  As  well,  interpretation  of  RQ ' s  do  not  account 
for  the  interconversion  of  substrates.  For  example,  if 
glucose  is  converted  to  fat  this  would  increase  RQ  whereas 
amino  acids  contributing  to  gluconeogenesis  would  depress 
uncorrected  RQ's.  If  all  the  nitrogen  from  the  amino  acids 
contributing  to  gluconeogenesis  are  excreted  in  the  urine 
then  the  interconversion  can  be  accounted  for  by  the  use  of 
non-protein  RQ's.  However  there  may  be  a  substantial  amount 
of  nitrogen  recycling  in  animals,  especially  in  ruminants . 

Thus  although  RQ's  may  be  good  indicators  of  gross  changes 
within  the  animal,  e.g.  depletion  of  fat  stores,  they  have 
limited  use  as  indicators  of  substrate  utilization  in  vivo. 

As  previously  mentioned,  it  was  concluded  on  the 
basis  of  RQ's  that  the  additional  heat  of  sheep  (Graham  et  al 
1959)  and  cattle  (Blaxter  and  Wainman  1961)  exposed  to  cold  is 
entirely  fat  catabolism.  The  use  of  RQ's  for  sheep  and  cattle 
as  the  sole  basis  for  this  conclusion,  as  for  the  rat  may  be 
invalid.  Patterson  et  al  (1964),  Bost  and  Dorleac  (1965)  and 
Halliday  et  al  (1969)  have  observed  higher  plasma  FFA  concen¬ 
trations  in  sheep  exposed  to  cold.  Calvert  et  al  (1972) 
found  that  hypothalamic  cooling  in  an  ox  increased  plasma 


Iveetez^ni  i&hil  fti  s  6  Y*iU  rto  -  r;  /  '' 


- 

■ 


22 


FFA  concentration.  These  results  support  the  conclusion 
that  fat  is  an  important  substrate  for  cold  thermogenesis. 
However,  Halliday  et  al  (1969)  also  found  higher  levels  of 
blood  glucose  in  sheep  held  at  8  than  at  30°C.  Acute 
exposure  of  these  sheep  caused  an  initial  sharp  rise  in 
glucose  concentration  subsequently  followed  by  a  rapid 
decline.  The  deline  may  have  been  due  to  the  depletion  of 
the  limited  glycogen  stores.  Karihaloo  et  al  (1970)  found 
that  the  glucose  concentration  increased  as  temperature 
decreased  in  overwintered  ewes.  Thompson  et  al  (1972) 
suggested  that  FFA  in  cattle  may  not  be  the  only  substrate 
oxidized  in  the  cold. 

Although  the  information  on  substrate  utilization 
for  cold  induced  thermogenesis  in  ruminants  is  limited, 
available  results  suggest  that  substrates  other  than  fat 
may  be  used.  Since  ruminants  depend  on  endogenous  synthesis 
of  glucose  to  meet  their  glucose  requirements,  they  may  be 
limited  in  the  amount  they  can  supply  to  an  increased 
demand  imposed  by  cold  or  they  may  produce  glucose  at  the 
expense  of  other  body  tissues.  Bergman  (1973)  suggested 
that  the  supply  of  glucose  precursors  and  the  organs  that 
synthesize  glucose  could  be  limiting  factors  for  the 
animal's  overall  productivity  and  even  for  its  survival. 

A  more  direct  method  than  the  use  of  RQ,  such  as  radioisotope 
tracer  studies,  should  be  considered  for  the  assessment  of 
the  contribution  of  various  substrates  to  cold  induced  heat 
production  in  ruminants. 
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MATERIALS  AND  METHODS 


In  order  to  determine  the  relative  participations 
of  glucose  and  FFA  in  cold  induced  thermogenesis  in 
ruminants,  continuous  infusion  trials  using  isotopically 
labelled  glucose  and  palmitate  were  run  on  fed  and  fasted 
sheep  exposed  to  acute  and  chronic  warm  and  cold  temperatures. 
Trials  were  run  on  fasted  sheep  to  accentuate  the  role  of 
body  stores  and/or  endogenous  synthesis  of  energy  substrates. 
The  study  was  done  at  the  Environmental  Laboratory  at  the 
University  of  Alberta. 

A.  Experimental  Animals 

Six  mature  Lincoln  ewes  were  selected  from  the 
University  flock  on  the  basis  of  their  similarity  and 
willingness  to  accept  experimental  conditions  imposed  upon 
them.  Throughout  the  study  the  fleece  length  of  the  sheep 
was  maintained  at  less  than  5  mm  by  close  clipping  every 
ten  days.  In  addition  each  sheep  was  closely  clipped  3 
to  4  days  prior  to  its  use  in  a  trial.  The  sheep  were  kept 
in  metabolism  crates  under  continuous  light.  Three  of  the 
sheep  were  "warm  conditioned"  in  a  chamber  (5  X  9m)  maintained 
at  18  +2°C  while  the  other  three  were  "cold  conditioned"  in 
a  chamber  (3  X  4m)  maintained  at  -2-2°C ,  The  sheep  were 
kept  in  these  chambers  a  minimum  of  4  weeks  prior  to  the 
initiation  of  the  trials.  However  during  this  preliminary 
period  the  sheep  were  exposed  and  trained  to  the  experimental 
conditions • 
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The  warm  conditioned  sheep  received  1000  -  1500  g 
and  the  cold  conditioned  sheep  1500  -  2000  g  of  alfalfa 
pellets  daily.  The  rations  were  adjusted  within  these 
ranges  according  to  the  loss  or  gain  of  weight  of  the 
animals.  The  chemical  analysis  of  the  feed  is  given  in 
Appendix  A.  Both  groups  of  sheep  were  fed  once  daily  at 
1700  h. 

In  the  present  study  "fed"  sheep  refers  to  sheep 
which  were  fed  the  day  preceding  a  trial  and  therefore  had 
eaten  11-12  hours  prior  to  the  trial.  "Fasted"  sheep 
refers  to  sheep  which  were  not  fed  the  day  preceding  a 
trial  and  therefore  were  without  food  35-36  hours  prior  to 
the  trial. 

B .  Experimental  Procedures 

Approximately  14  hours  preceding  a  trial,  a 
polyethylene  infusion  catheter  (PE-190  Intramedic,  Clay 
Adams)  was  inserted  35  cm  into  the  left  jugular  vein  and 
a  similar  sampling  catheter  15  cm  into  the  right 
jugular  vein.  The  sheep  was  then  placed  in  a  metabolism 
crate  within  the  experimental  chamber  (3  X  4  m  )  at  a 
temperature  of  18  i  2°C. 

Figure  1  illustrates  the  arrangement  of  the  sheep 
and  associated  apparatus  during  a  trial.  The  infusion 
and  sampling  catheters  which  extended  to  the  outside  of 
the  chamber  were  wrapped  with  heating  tape  (Wrap-on  Co. 
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Figure  1.  Arrangement  of  Sheep  and  Apparatus  During  a  Trial 
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Manuf . ,  Chicago,  U.S.A.)  and  fiberglass  insulation. 

Continuous  infusions  were  given  via  the  catheter  inserted 
in  the  left  jugular  with  a  Harvard  Infusion  Pump  (15703F 
Harvard  Apparatus  Co,  Inc.)  which  was  connected  to  an 
automatic  electric  timer  set  to  start  the  pump  at  0500  h 
the  morning  of  a  trial.  Between  0800  h  and  0830  h  a 
respiration  mask  was  placed  on  the  sheep  and  connected  via 
an  insulated  and  heated  rubber  hose  to  a  respiratory  gas 
analyser.  Blood  samples  were  taken  via  the  catheter 
inserted  in  the  right  jugular. 

The  sequence  of  events  for  the  trials  is  illustrated 
in  Figure  2.  The  experimental  chamber  was  maintained  at 
18  ±2°C  for  an  additional  five  hours  after  the  start  of  an 
infusion.  This  five  hour  warm  period  was  followed  by  a 
five  hour  acute  cold  period  during  which  the  coolers  were 
turned  on  and  the  room  was  cooled  as  quickly  as  possible 
to  -24  jr2°C.  After  the  five  hour  acute  cold  period  the 
coolers  were  turned  off  and  the  chamber  doors  opened  to 
allow  the  warmer  external  air  to  exchange  with  the  cold 
air  in  the  chamber.  This  one  hour  period  is  referred  to  as 
the  recovery  period.  Respiratory  gases  were  monitored  from 
the  fourth  hour  of  the  warm  period  to  the  end  of  the 
recovery  period.  Blood  samples  were  also  taken  during  this 
time  as  indicated  on  Figure  2. 


Additional  trials  of  short  duration  were  run  on 
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Figure  2.  Sequence  of  Events  in  Trials 
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the  cold  conditioned  sheep.  These  trials  were  similar  to 
those  described  above  except  that  the  temperature  of  the 
experimental  chamber  was  maintained  at  -2  +2°C  rather  than 
18  +2°C  during  the  initial  period  and  these  trials  were 
terminated  after  5  hours  of  infusion. 

C .  Experimental  Design 

The  experimental  design  is  outlined  in  Table  2. 
There  were  a  total  of  six  sheep;  three  warm  conditioned 
and  three  cold  conditioned.  These  sheep  were  either  in 
a  fed  or  fasted  state  for  a  trial.  Trials  in  which 
continuous  infusions  of  glucose  or  palmitate  were  used  are 
referred  to  as  glucose  and  palmitate  trials  respectively. 
Glucose  and  palmitate  trials  of  long  duration,  that  is 
where  the  chamber  temperature  was  changed  from  18  to  -24°C 
after  the  fifth  hour,  were  made  on  all  sheep  in  both  fed 
and  fasted  states.  The  exposures  to  18  and  -24°C  in  each 
of  the  trials  of  long  duration  are  shown  separately  in 
Table  2  and  in  the  following  tables  of  similar  format. 

Glucose  and  palmitate  trials  in  which  the  chamber  temperature 
was  -2°C ,  that  is  the  trials  of  short  duration,  were  made 
only  on  the  cold  conditioned  sheep. 

In  this  study  an  acute  exposure  refers  to  the 
exposure  of  an  animal  for  5  to  24  hours  to  a  temperature 
other  than  the  one  to  which  it  was  conditioned.  A  chronic 
exposure  refers  to  an  animal  in  the  same  temperature  it 


Table  2.  Experimental  Design  (The  format  used  in  this  table  has  also  been  used  to 

present  results  of  this  study.) 
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was  kept  for  a  minimum  of  4  weeks.  A  minimum  of  3  weeks 
was  allowed  between  acute  exposure  of  sheep  to  minimize 
the  effects  of  previous  acute  exposures  on  subsequent 
trials. 

D.  Infusates 

14 

U-  C-glucose  (CFB-2  Amersham/Searle  Corp.)  was 
dissolved  in  0.9%  sterile  saline  containing  0.01%  glucose 
carrier  to  give  a  specific  activity  of  approximately  2uc/ml. 
This  solution  was  infused  at  a  rate  of  0.075  ml/min  which 
resulted  in  an  infusion  rate  of  radioactivity  of  approximately 
0.15  uc/min. 

14 

1-  C-palmitate  (NEC-075  New  England  Nuclear) 
was  dissolved  in  ethanol  (250  uc/ml) .  Approximately  0.5  ml 
of  this  solution  was  added  very  slowly,  while  stirring,  to 
10  ml  of  plasma  which  had  been  obtained  from  the  sheep  when 
the  jugular  catheters  were  inserted  (approximately  12  h 
before  the  infusate  was  used) .  This  solution  was  then 
diluted  slowly  with  0.9%  sterile  saline  to  give  a  final 
concentration  of  approximately  1.8  uc/ml.  The  solution  was 
infused  into  the  sheep  at  a  rate  of  0.075  ml/min.  The  rate 
of  isotope  infusion  was  therefore  approximately  0.12  uc/min. 

E .  Blood  Sampling 

The  arrows  in  Figure  2  indicate  the  times  at  which 
10  ml  blood  samples  were  taken.  The  sampling  catheter  was 
flushed  with  heparinized  saline  immediately  before  and 
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after  taking  each  sample.  Samples  were  taken  with 
heparinized  disposable  syringes  and  transferred  to 
centrifuge  tubes.  Two  small  aliquots  were  taken  for 
micro-hematocrit  determination  and  the  remaining  sample 
was  immediately  centriguted  at  2000  X  G  for  10  minutes. 

The  plasma  was  removed  with  Pasteur  pipettes  and  immediately 
frozen  at  -25°C  for  subsequent  analysis. 

F .  Analytical  Procedures 

a)  Respiratory  gas  analysis 

Oxygen,  carbon  dioxide  and  isotopically  labelled 
carbon  in  the  expired  gas  of  the  experimental  sheep  were 
continuously  monitored  during  the  trials  using  instrumentation 
for  animal  calorimetry  similar  to  that  described  by  Young 
(1974).  The  mean  respiratory  gas  values  measured  7.5  minutes 
before  to  7.5  minutes  after  blood  sampling  were  used  in 
this  thesis. 

b)  Glucose  concentration 

The  plasma  glucose  concentration  in  the  glucose 
trials  was  determined  enzymatically  by  the  Glucostat 
Method  (Worthington  Biochemical  Corporation,  Freehold, 

New  Jersey) . 

c)  Specific  activity  of  glucose 

Glucose  was  isolated  from  the  plasma  as  the 
glucose  pentaacetate  derivative  for  the  determination  of 
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specific  activity  by  liquid  scintillation  spectrometry  as 
described  by  Jones  (1965)  with  some  modifications.  See 
Appendix  B1  for  the  modified  procedure. 

d)  Separation  of  free  fatty  acids  (FFA) 

The  FFA  were  separated  from  the  plasma  obtained 
in  palmitate  trials  by  a  modified  Dole  and  Meinertz  (1960) 
procedure  (see  Appendix  B2) .  Individual  FFA  were  separated 
as  methyl  esters  (see  Appendix  B3  for  preparation  of 
methyl  esters)  by  gas  chromatography  at  220°C  with  a  12  foot 
glass  column  packed  with  acid  washed  Chromosorb  W  (01-0136 
Supelco,  Inc.)  coated  with  10%  Silar-5CP  (08270  Applied 
Sciences  Laboratories,  Inc.).  The  concentration  of 
individual  FFA  was  determined  by  flame  ionization  in  a 
Bendix  Gas  Chromatograph  2500  (2532-3  Canadian  Dynamics 
Ltd.)  and  results  were  recorded  on  a  Photovolt  Recorder 
(Microcord  44,  Photovolt  Corp.)  and  by  a  Digital  Integrator 
(Vidar  6300-02  Canadian  Dynamics  Ltd.). 

e)  Specific  activity  of  palmitate 

Palmitate  was  collected  after  it  passed  through 
the  gas  chromatograph  by  placing  cigarette  filters  (V-Master 
Ltd.)  over  one  channel  of  the  gas  chromatograph  column 
splitter  at  the  appropriate  time.  The  filters  were 
previously  soaked  in  5%  silicone  oil  (710  Fluid,  Dow 
Corning  Silicones  Inter-America  Ltd.)  pentane  mixture 
and  then  dried.  The  radioactivity  in  the  filter  was 
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determined  by  liquid  scintillation  (Hammarstrand  et  al  1969) • 

G.  Calculations 

a)  Respiratory  quotient  (RQ) 

The  respiratory  quotients  of  the  sheep  were 
calculated  by  dividing  the  mean  carbon  dioxide  production 
over  a  fifteen  minute  interval  by  the  mean  oxygen  consumption 
over  the  same  interval, 

CC>2  production  (ml/min) 

rq  =  - - - - 

C>2  consumption  (ml/min) 

b)  Heat  production  (Hp) 

Approximately  4.892  calories  are  used  for  each  ml 
of  oxygen  consumed  (McLean  1970) .  Therefore  the  following 
equation  was  used  to  calculate  the  heat  production  of  the 
sheep  from  the  mean  oxygen  consumption  over  each  15  minute 
interval . 

pjp  C>2  consumption  (ml/min)  X  4.892  (cal/ml) 

(cal/minAg>=  Body  wt  (kg) 

c)  Specific  activity  (SA) 

"The  specific  activity  of  a  radioisotope  sample 
is  the  amount  of  radioactivity  per  unit  amount  of  material." 
(Wang  and  Willis  1965).  The  following  formula  was  used  in 
this  study. 

SA  _  uc  of  radioactivity 
(uc/mg  C)~  m9  of  carbon 
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RESULTS 


For  ease  of  reading  and  interpretation  the  results 
have  been  presented  in  the  following  order: 

1)  General  observations. 

2)  Graphic  presentation  of  a  typical  trial. 

3)  Each  parameter  measured  has  been  summarized 
and  presented  in  a  table  (Tables  3-8)  with  a  standardized 
format.  Statistical  summaries  are  also  given  in  these 
tables . 

4)  Details  of  each  trial  and  all  measurements 
taken  during  the  trial  are  presented  in  the  Appendices 
(Cl  -  C33)  . 

5)  A  number  of  parameters  were  calculated 
from  the  results.  The  calculations  used  to  derive  these 
parameters  are  therefore  presented. 

6)  Each  derived  parameter  has  been  summarized 
and  presented  in  table  form  (Tables  9  -  13) . 

7)  An  overall  summary  of  the  results  and 
derived  parameters  is  presented. 

A.  General  Observations 

At  the  commencement  of  the  study  the  body  weights 
of  the  sheep  ranged  from  65  to  85  kg.  The  weights  of  the 
warm  conditioned  sheep  were  quite  variable  (—4  kg)  however 
the  average  net  change  for  the  experimental  period  (Jan.  5  - 
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June  5,  1972)  was  less  than  2  kg.  Despite  a  higher  level  of 
feeding  the  cold  conditioned  sheep  lost  an  average  of  10  kg 
body  weight  over  the  5  month  period.  The  sheep  lost  as 
much  as  3-4  kg  of  body  weight  when  fasted.  The  cold 
conditioned  sheep  were  slow  to  recover  this  weight  and 
often  did  not  return  to  their  pre-trial  weight.  Despite 
an  increased  offering  of  ration  after  sheep  were  fasted, 
the  cold  conditioned  animals  often  left  feed  and  body 
weight  tended  to  be  maintained  at  a  new  lower  level.  One 
of  the  cold  conditioned  sheep  (#1330)  refused  to  eat  any 
food  after  a  trial  in  which  she  was  fasted.  She  was  removed 
from  the  cold  conditioning  chamber  however  she  died 
approximately  one  week  later.  Because  of  the  loss  of  this 
animal  1  glucose  and  3  palmitate  trials  could  not  be 
completed. 

Generally  cold  conditioned  sheep  were  more 
irritable,  which  was  shown  by  gross  body  movement  and 
tossing  of  the  head,  than  were  the  warm  conditioned  animals. 
This  difference  was  particularly  noticeable  towards  the 
end  of  trials  where  the  exposure  temperatures  were  18  and 
-2°C .  Similarly  the  animals  when  fasted  tended  to  be  more 
irritable  than  when  in  a  fed  state.  The  animals  usually 
changed  their  behavioural  activity  when  the  coolers  were 
turned  on  for  the  acute  cold  exposure  (-24°C) .  For  example 
animals  which  were  restless  towards  the  end  of  the  initial 
period  at  18°C  ceased  their  head  tossing  activity  once  the 
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coolers  were  turned  on  and  remained  fairly  quiet  except  for 
the  occassional  scraping  of  the  floor  of  the  metabolism  crate 
with  their  fore  foot. 

Figure  3  and  4  illustrate  the  results  of  a 
typical  trial.  The  results  shown  are  for  a  warm  conditioned 
sheep  (#1090)  in  a  fed  state.  The  measurements  were  made 
during  an  initial  period  in  which  the  chamber  was  at  18°C 
and  a  subsequent  acute  cold  period  in  which  the  chamber 
was  rapidly  cooled  to  -24°C.  Measurements  were  also  taken 
in  the  recovery  period  during  which  the  chamber  temperature 
increased  to  14°C. 

Oxygen  consumption,  carbon  dioxide  production, 

* 

hematocrit,  plasma  glucose  concentration,  specific  activity 

of  CO2  from  glucose,  plasma  palmitate  concentration  and 

* 

specific  activity  of  CO2  from  palmitate  all  increased 
whereas  the  specific  activity  of  plasma  glucose  decreased 
when  the  temperature  of  the  chamber  was  lowered.  In  most 
cases  the  measurements  obtained  during  the  recovery  period 
tended  to  return  towards  those  obtained  in  the  pre-acute 
cold  period. 

Only  those  measurements  obtained  between  240  and 
300  minutes  and  between  570  and  600  minutes,  illustrated 
by  A  and  B  in  Figures  3  and  4,  have  been  used  in  the  tables 
of  results  (Tables  3-8) .  The  means  and  standard  errors  of 
the  means  presented  in  Tables  3-8  are  based  on  the  measure¬ 
ments  from  three  trials  made  on  different  animals  except  where 

Specific  activity  of  CO2  measured  during  the  infusion  of 
U-l^c-glucose  or  l-l^C-palmitate . 
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Figure  3.  Results  of  a  Typical  Trial  in  which  a  fed  warm 

conditioned  sheep  (#1090)  was  exposed  to  different 
environmental  temperatures.  All  parameters  were  taken  from 
Appendix  C2.  Measurements  taken  during  time  periods  A  and  B 
are  used  in  the  summary  tables  (Tables  3-8) . 


Hematocrit 

(%) 
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Figure  4.  Results  of  a  Typical  Trial  (cont'd)  in  which  a 
fed  warm  conditioned  sheep  (#1090)  was  exposed 
to  different  environmental  temperatures.  All  parameters 
were  taken  from  Appendix  C2  except  for  palmitate  parameters 
which  were  taken  from  the  corresponding  palmitate  trial. 
Appendix  C20. 
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only  two  animals  were  available  and  hence  only  two  trials 
were  completed.  The  results  from  the  recovery  period 
(Figure  1)  are  not  summarized  (Tables  3-8) .  The  measurements 
taken  during  the  recovery  period  are  in  Appendices  C1-C33. 

The  results  from  the  recovery  period  are  drawn  upon  for  the 
discussion  where  they  assist  in  interpretation. 

A  standard  format  has  been  used  to  present  the 
results.  For  example.  Table  3  p  42  is  a  summary  of  the 
hematocrits  obtained  from  the  glucose  and  palmitate  trials. 
The  hematocrits  have  been  grouped  in  columns  according  to 
the  exposure  temperatures  at  which  measurements  were  taken. 
The  table  is  divided  into  rows  according  to  whether  the 
sheep  were  fed  or  fasted  and  further  subdivided  according 
to  whether  they  were  warm  or  cold  conditioned.  For  example, 
from  Table  3  the  mean  hematocrit  for  fasted  warm  conditioned 
sheep  chronically  exposed  to  18°C  was  32.9%.  Where  possible 
the  results  from  glucose  and  palmitate  trials  have  been 
combined  in  the  last  three  columns  of  the  tables  to  give  an 
overall  mean.  Statistical  comparisons  of  the  means  from 
palmitate  and  glucose  trials  were  made  with  the  Student's 
t  test  (Steel  and  Torrie  1960) .  A  "c"  beside  the  overall 
mean  in  the  combined  columns  signifies  a  statistically 
significant  difference  (P<0.05)  was  found  to  exist  between 
means  from  the  glucose  and  palmitate  trials. 

Five  statistical  comparisons  were  made  for  the 
results  summarized  in  Tables  3-8.  These  comparisons  were 


40 


made  for  the  sheep  in  both  fed  and  fasted  states. 

Comparisons  I  were  between  the  warm  and  cold  conditioned 
sheep  at  their  conditioning  temperature  (18  and  -2°C 
respectively)  which  is  a  comparison  of  chronic  warm 
exposure  and  chronic  cold  exposure. 

Comparisons  II  were  between  warm  and  cold  conditioned 
sheep  when  exposed  to  18°C.  As  18°C  was  the  conditioning 
temperature  for  the  warm  conditioned  animal  this  was  a 
chronic  exposure  situation  whereas  to  the  sheep  previously 
conditioned  to  -2°C  it  was  an  acute  exposure. 

Comparisons  III  involves  only  warm  conditioned  sheep  exposed 
to  18  and  -24°C.  The  measurements  obtained  at  the  two 
exposure  temperatures  were  compared. 

Comparisons  IV  involves  only  cold  conditioned  sheep  exposed 
to  18  and  -24°C.  The  measurements  obtained  at  these  two 
exposure  temperatures  were  compared. 

Comparisons  V  were  between  warm  and  cold  conditioned  sheep 
acutely  exposed  to  severe  cold  (-24°C) . 

Comparisons  I,  II  and  V  were  tested  for  statistical 
significance  by  the  Student's  t  test  for  comparisons  of 
unpaired  means  whereas  comparisons  III  and  IV  were  tested 
for  statistical  significance  by  Student's  t  test  for  paired 
means  (Steel  and  Torrie  1960) . 
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B .  Hematocrits 

Hematocrits  obtained  during  the  glucose  and 
palmitate  trials  are  summarized  in  Table  3.  The  hematocrits 
measured  during  corresponding  glucose  and  palmitate  trials 
should  be  similar  and  therefore  the  combined  results  were 
considered. 

The  hematocrits  of  fed  cold  conditioned  sheep 
chronically  exposed  to  -2°C  were  significantly  greater 
(P<0.05)  than  those  of  the  sheep  chronically  exposed  to 
18°C.  Fasting  caused  the  hematocrits  of  the  warm  conditioned 
sheep  to  increase  slightly  and  hematocrits  of  the  cold  condi¬ 
tioned  sheep  to  decrease  such  that  the  differences  between 
hematocrits  of  the  fasted  sheep  were  not  significant. 

The  effect  on  hematocrits  of  exposing  cold 
conditioned  sheep  to  warm  temperatures  can  be  seen  by 
comparing  the  hematocrits  of  cold  conditioned  sheep  acutely 
exposed  to  18°C  with  those  of  warm  conditioned  sheep 
chronically  exposed  to  18°C.  In  the  fed  animals,  the 
hematocrits  are  significantly  (P<>0.05)  higher  in  the  cold 
conditioned  than  in  the  warm  conditioned  animals.  These 
differences  tend  to  disappear  with  fasting. 

The  hematocrits  increased  in  all  cases  when  the 
sheep  were  acutely  exposed  to  —24  C.  The  differences 
between  warm  and  cold  conditioned  sheep  exposed  to  —24  C 
were  insignificant  in  both  fed  and  fasted  states. 


' 


Table  3 •  Hematocrits  (%)  of  Sheep  Conditioned  to  18  or  -2  C  and  Exposed  for 

Measurement  to  18.  -2  and  -24°C 
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Some  statistically  significant  differences  existed 
between  hematocrits  from  glucose  and  palmitate  trials.  The 
reason  for  these  differences  is  not  readily  apparent. 

In  brief.  Both  acute  and  chronic  cold  increased  the 
hematocrits  of  fed  sheep  but  had  little  effect  on  fasted 
sheep.  Fasting  generally  increased  the  hematocrits  of 
warm  conditioned  sheep  and  decreased  the  hematocrits  of 
cold  conditioned  sheep.  The  cold  conditioned  sheep  had 
higher  hematocrits  when  acutely  exposed  to  18°C  than  the 
warm  conditioned  sheep  chronically  exposed  to  18°C. 
Differences  between  cold  and  warm  conditioned  animals  became 
smaller  when  animals  were  exposed  to  acute  cold  or  when  the 
animals  were  fasted. 

C •  Respiratory  Quotients 

Table  4  summarizes  the  respiratory  quotients  (RQ) 
obtained  in  the  glucose  and  palmitate  trials.  The  RQ  values 
have  not  been  corrected  for  protein  catabolism. 

The  RQ 1 s  of  fasted  sheep  were  lower  than  those 
of  fed  sheep  in  all  situations. 

The  chronic  exposure  of  cold  conditioned  sheep 
gave  lower  RQ's  than  the  chronic  exposure  of  warm  conditioned 
sheep,  however  the  differences  were  statistically  significant 
only  when  the  sheep  were  fasted. 
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Table  4.  Respiratory  Quotients  of  Sheep  Conditioned  to  18  or  -2  C  and  Exposed 

for  Measurement  to  18,  -2  and  -24°C 
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The  RQ ' s  of  cold  conditioned  sheep  exposed  to 
18°C  were  not  significantly  different  from  those  of  the 
warm  conditioned  sheep  exposed  to  18°C. 

The  RQ 1 s  were  generally  lower  in  sheep  acutely 
exposed  to  -24  than  at  18°C.  The  warm  conditioned  sheep 
had  slightly  higher  RQ 1 s  than  the  cold  conditioned  sheep 
during  acute  cold  exposures  (-24°C)  when  fed  however,  the 
difference  was  negligible  when  fasted. 

In  brief.  The  chronic  cold  exposure  of  sheep  resulted  in 
lower  RQ's,  especially  in  fasted  animals,  than  warm 
exposure  of  sheep.  Cold  conditioning  had  little  effect 
on  RQ's  measured  at  18°C.  Acute  exposure  to  -24°C  and/or 
fasting  resulted  in  lower  RQ's  than  observed  at  18°C  or 
in  fed  animals  respectively. 

D.  Heat  Productions 

Heat  productions  measured  during  the  glucose 
and  palmitate  trials  are  summarized  in  Table  5.  Similar 
results  were  obtained  in  most  cases  for  both  the  palmitate 
and  glucose  trials  and  therefore  the  combined  results  were 
considered. 

The  cold  conditioned  sheep  at  -2°C  had  significantly 
higher  (P^0.05)  heat  productions  than  the  warm  conditioned 
sheep  at  18°C  in  both  fed  and  fasted  states. 


Table  5 .  Heat  Productions  (cal/min/kg)  of  Sheep  Conditioned  to  18  or  -2  C  and  Exposed  for 

Measurement  to  18.  -2.  and  -24°C 


46 


Lu 

0 

0 

J 

00 

CD 

O-  O' 

CO 

O 

in  ^ 

H 

p 

• 

• 

•  • 

• 

• 

•  • 

b 

0 

1 — 1 

Ol 

co 

CO 

rH  04 

o 

04 

i — 1  CN 

0  0 

•H 

2 

1 

^  +1 

m  4-1 

in  4-1 

m  4-1 

G  P 

P 

CO 

■H  i — 1 

P 

CD 

b  G 

* 

* 

* 

* 

* 

* 

* 

* 

1 

1 

uo 

p 

04  ^ 

CD  ^ 

E  w 

0 

o 

•  • 

•  • 

0  0 

P 

• 

b 

<M 

lO  i — 1 

CO  04 

u  p 

0 

o 

(D 

1 

CO  4-1 

co -H 

P 

w 

G 

•H 

¥ 

•H 

E 

rQ 

CD 

O-  CD 

m 

00 

CO  04 

i — 1 

6 

• 

• 

•  • 

• 

• 

•  • 

0 

0 

0 

CD 

'sf 

rH 

O  rH 

i — 1 

rH 

O'  i — 1 

p  0 

a 

• 

u 

1 - 1 

04  +1 

co  4-1 

04  4-1 

oi4- 1 

0  i — 1 

4-1 

b 

U 

P  0 

<x 

4-1 

•H  “H 

i 

* 

1 

* 

* 

* 

* 

* 

1 

1 

•H 

CO 

UO 

in 

O'  CO 

uo 

CD 

co  co 

E  P 

0 

b 

1 — 1 

• 

• 

•  • 

• 

• 

•  • 

rH  -P 

0 

0 

04 

in 

CD 

O'  i — 1 

04 

O 

co  04 

0 

0 

• 

•H 

1 

■G1 4-1 

^  4-1 

m  4-1 

in -fl 

C4 

u 

G 

p 

G 

to 

p 

l — 1 

•H 

CO  CD 

O  CO 

o 

CD 

CD 

•  • 

•  • 

P 

04 

m 

UO  CO 

b  * 

0 

1 

co  -H 

CO -fl 

-P 

•H 

0 

0 

£ 

O' 

04 

04  O' 

O 

CO 

CD  CO 

0  0 

rH 

i — 1 

• 

• 

•  • 

• 

• 

•  • 

0  rH 

0 

0 

CO 

CO 

O 

CO  tH 

o 

04 

o  o 

U  0 

•H 

a. 

1 — 1 

oj  44 

04  4-1 

04  4-1 

co  4-1 

G  -H 

i 

* 

1 

1 

* 

* 

* 

* 

1 

1 

p 

rH  P 

p 

O  P 

04 

CD  O 

1 — 1 

O 

rH  r- 

0 

• 

• 

•  • 

• 

• 

•  • 

p 

CO 

04 

04 

in  ■G' 

co 

'G1 

CO  CO 

0 

i — 1 

1 

in  4-1 

m  4-1 

^4-1 

^4-1 

P 

0 

b 

b 

b 

b 

b 

•H 

•H 

0 

0 

0 

0 

0 

E 

P 

co 

UO  04 

p 

p 

p 

p 

p 

rH 

P 

•  • 

•  • 

b 

0 

b 

0 

b 

0 

b 

0 

b 

0 

0 

04 

rH 

04  CO 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

& 

CD 

1 

CO  4-1 

^4-1 

Eh 

Eh 

Eh 

Eh 

Eh 

Eh 

Eh 

Eh 

Eh 

Eh 

CO 

<3 

0 

( 

U 

in 

1 - 1 

04  O' 

CO 

1 - 1 

co  uo 

0 

G 

U 

0 

rH 

CO 

m 

CO 

CO  04 

04 

CO 

UO  o 

O 

0 

0 

o 

rH 

014-1 

CO  4-1 

014-1 

044-  1 

0 

U 

O 

u 

0 

CO 

0 

0 

04 

G 

G 

1 - 1 

■G* 

■01 

1 

0 

rH 

04 

cd 

22 

to 

P 

1 

1 

P 

E 

0 

0 

G 

o 

u 

u 

u 

• 

• 

0 

0 

0 

0 

0 

0 

b 

b 

0 

0 

b 

b 

0 

CO 

04 

00 

Ol 

0 

0 

> 

> 

0 

p 

£ 

rH 

1 

« — 1 

1 

G 

G 

G 

P 

v— ^ 

0 

0 

00 

CO 

0 

p 

0 

•H 

• 

•H 

rH 

1 — 1 

•H 

0 

b 

p 

a 

p 

p 

b 

b 

b 

b 

•H 

E 

•H 

P 

p 

•H 

p 

CD 

0 

0 

0 

b 

0 

b 

0 

0 

b 

0 

uo 

G 

c 

G 

G 

G  P 

G 

G 

p 

o 

0 

0 

0 

0 

0 

0 

b 

b 

0 

p 

• 

•H 

•H 

•H 

-H 

u 

Co 

U 

0 

0 

u 

0 

o 

p 

-p 

-p 

P 

G 

c 

c 

f  / 

•H 

•H 

-H 

*H 

b 

-H 

b 

0 

0 

b 

b 

V 

b 

b 

b 

b 

i — 1 

C 

i — 1 

-H 

-H 

i — 1 

p 

0-4 

G 

G 

G 

c 

0 

0 

0 

P 

p 

0 

0 

0 

0 

0 

0 

u 

-H 

u 

•H 

•H 

u 

b 

U 

u 

U 

u 

P 

b 

b 

G 

• 

• 

•H 

• 

G 

G 

• 

0 

4-1 

P 

b 

P 

b 

0 

0  b 

0 

0 

0 

0 

P 

P 

rH 

H 

i — 1 

G 

> 

G 

> 

u 

u 

> 

0 

•H 

0 

0 

0 

0 

0 

0 

b 

£ 

u 

£ 

u 

0 

£ 

U 

£ 

E 

b 

£ 

4-1 

•H 

H 

H 

p 

i — 1 

H 

• 

b 

p 

0 

P 

0 

0 

0 

0 

G 

G 

a 

0 

0 

£ 

0 

£ 

£ 

u 

£ 

0 

to 

CD 

p 

a 

0 

-H 

CD 

b 

0 

E 

H 

s 

CD 

b 

CD 

0 

0 

H 

H 

> 

CD 

Eh 

Eh 

u 

H 

H 

H 

H 

> 

a 

c 

47 


Both  fed  and  fasted  cold  conditioned  sheep 
acutely  exposed  to  18°C  had  significantly  higher  (P<0.05) 
heat  productions  than  the  respective  warm  conditioned 
sheep  at  18°C. 

The  heat  productions  of  sheep  exposed  to  acute 
cold  (-24°C)  were  roughly  double  those  observed  at  18°C. 
There  were  no  statistically  significant  differences 
observed  in  heat  productions  at  -24°C  which  were  due  to 
conditioning. 

In  brief.  Both  acute  and  chronic  exposure  of  sheep  to 
cold  increased  the  heat  productions  markedly.  Cold 
conditioning  of  sheep  increased  the  heat  productions 
observed  in  the  warm  (18°C) . 

E .  Concentrations  of  Plasma  Glucose  and  Palmitate 

The  plasma  concentrations  of  glucose  and  palmitate 
obtained  in  the  glucose  and  palmitate  trials  respectively 
are  presented  in  Table  6.  The  units  used  in  Table  6  for 
expressing  glucose  and  palmitate  concentrations  are  those 
traditionally  used.  The  palmitate  concentration  may  be 
converted  to  mg/100  ml  by  multipling  the  umoles/ml  by  25.64. 

a)  Concentrations  of  plasma  glucose 

None  of  the  comparisons  made  between  mean  glucose 
concentrations  in  Table  6  were  statistically  significant 
although  some  may  be  biologically  important. 
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Sheep  chronically  exposed  to  cold  had  higher 
plasma  glucose  concentrations  than  those  chronically 
exposed  to  warm  in  both  the  fed  and  fasted  states.  Fasting 
resulted  in  increased  glucose  concentrations  during  chronic 
exposures  for  both  warm  and  cold  conditioned  sheep. 

The  concentrations  of  glucose  were  generally 
higher  in  the  cold  conditioned  animals  at  18°C  than  in 
the  warm  conditioned  animals  at  18°C  when  either  fed  or 
fasted.  The  fasted  animals  at  18°C  had  higher  average 
glucose  concentrations  than  the  fed  animals. 

The  average  glucose  concentration  of  fed  warm 
conditioned  sheep  increased  from  59.1  at  18°C  to  73.6  mg/ 

100  ml  at  -24°C.  The  same  animals  fasted  had  concentrations 
of  68.8  mg/100  ml  in  the  warm  and  these  tended  to  decrease 
to  about  59.9  mg/100  ml  during  acute  cold  exposure.  The 
acute  cold  exposure  of  cold  conditioned  sheep  appeared  to 
have  little  effect  on  glucose  concentration.  The  glucose 
concentrations  were  approximately  69.8  and  78.6  mg/100  ml 
for  fed  and  fasted  cold  conditioned  sheep  respectively  at 
both  18  and  -24°C. 

The  warm  conditioned  sheep  had  higher  glucose 
concentrations  than  the  cold  conditioned  sheep  when  exposed 
to  acute  cold  in  a  fed  state  however  the  order  was  reversed 
in  a  fasted  state.  The  highest  plasma  glucose  concentrations 
observed  during  acute  cold  were  for  the  fasted  cold  conditioned 
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sheep. 

In  brief.  The  differences  in  glucose  concentrations  were 
not  statistically  significant  although  some  differences 
may  have  been  biologically  significant.  Chronic  cold 
appeared  to  increase  the  plasma  glucose  concentrations. 

Acute  cold  increased  the  plasma  glucose  concentrations  in 
warm  conditioned  sheep  but  had  little  effect  on  cold 
conditioned  sheep.  Cold  conditioning  increased  glucose 
concentrations  observed  in  the  warm.  In  most  cases,  with 
the  exception  of  the  acute  cold  exposure  of  warm  conditioned 
sheep,  the  glucose  concentrations  were  higher  in  fasted 
than  fed  sheep.  The  highest  glucose  concentrations  at  all 
exposure  temperatures  were  recorded  for  fasted  cold 
conditioned  sheep. 

(b)  Concentrations  of  plasma  palmitate 

The  concentrations  of  plasma  palmitate  are 
summarized  in  Table  6.  Fasting  increased  the  plasma 
palmitate  concentration  in  all  cases.  The  fed  cold 
conditioned  sheep  had  significantly  (PC  0.05)  higher 
palmitate  concentrations  at  -2 °C  than  did  the  fed  warm 
conditioned  sheep  at  18°C. 

The  plasma  palmitate  concentrations  in  fed  cold 
conditioned  sheep  acutely  exposed  to  warm  (18  C)  were  not 
significantly  different  than  those  observed  for  warm 
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conditioned  sheep  at  18°C.  In  the  fasted  animals  however, 
the  cold  conditioned  sheep  had  significantly  (P<0.05) 
higher  palmitate  concentrations  than  the  warm  conditioned 
sheep  (0.28  &  0.50  umoles/ml  respectively) . 

Acute  cold  exposure  caused  the  plasma  palmitate 
concentration  to  increase  significantly  (PC0.05)  in  all 
sheep  with  the  exception  of  the  fasted  cold  conditioned 
sheep  where  it  decreased  slightly  from  0.50  to  0.47  umole/ml. 
Warm  conditioned  sheep  had  larger  plasma  palmitate  concen¬ 
trations  during  acute  cold  exposures  than  did  the  cold 
conditioned  sheep  in  both  fed  and  fasted  states. 

In  brief.  Chronic  cold,  acute  cold  and  fasting  all  appear 
to  increase  the  plasma  palmitate  concentration.  However 
acute  cold  did  not  increase  the  concentration  in  cold 
conditioned  fasted  sheep.  Under  similar  treatment  these 
sheep  were  observed  to  have  high  glucose  concentrations. 

It  should  be  noted  that  the  treatments  had  a  much  greater 
effect  on  plasma  palmitate  concentrations  than  they  did 
on  plasma  glucose  concentrations. 

F .  Specific  Activities  of  Plasma  Glucose 

The  specific  activities  of  plasma  glucose  appearing 
in  Appendices  Cl  -  C18  were  calculated  as  indicated  in 
Materials  and  Methods  page  33.  These  specific  activities 
have  been  standardized  and  summarized  in  Table  7  for 


(20.0>f)  H  ft64  &dnc  i 

. 


Table  7 .  Standardized  Specific  Activities  of  Plasma  Glucose  of  Sheep 

Conditioned  to  18  or  -2°C  and  Exposed  for  Measurement  to  18 ,  -2  and  -24 


52 


u 


0 
■ — i 
0 
•H 
ft 
-P 

<D 

CO 

0 

U 

d 

r— I 

o 


u 

3 

CM 

I 


CM 

I 


00 


a 

0 

d) 

,d 

CO 


rH  in 

d*  CD 

in 

CD  O 

CO  i — 1 

CD  rH 

d1 

•  • 

•  • 

•  • 

• 

i — 1  o 

o  o 

rH  O 

rH 

+  1 

+  1 

+  l 

CM  O 

00 

00  i — 1 

00 

•  • 

• 

0 

0 

1 — 1 

+  i 

r-  co 

CTi  in 

00  d* 

00 

O  i — 1 

CM  00 

OH  O 

00 

CM  O 

i — 1  o 

CM  O 

1 — 1 

b  +1 

+  1 

+  1 

u 

U 

u 

u 

0 

0 

0 

0 

CO 

CM 

00 

CM 

1 - 1 

I 

rH 

i 

> - ’ 

- - 

43 

43 

43 

43 

0 

0 

0 

0 

d 

d 

d 

d 

0 

O 

0 

0 

-H 

-H 

-H 

•H 

-P 

■P 

-P 

•p 

•H 

-H 

•H 

•H 

43 

43 

43 

43 

d 

d 

d 

d 

0 

0 

0 

0 

0 

0 

0 

0 

£ 

43 

g 

43 

ft 

rH 

c 

rH 

0 

0 

0 

0 

£ 

u 

£ 

u 

43! 

0 

fal 


43 

0 

-P 

CO 

0 

fa 


o 

+  1 


o 

+  1 


o 

+  1 


0 

CO  CO 
O  i — I 
U  0 
d  -h 

iH  ft 
O  -P 


CO 

d 

0 

CO 

•H 

ft 

0 

i1 

o 

u 


*  * 


I  *  I 


43 

43 

43 

43 

43 

0 

0 

0 

0 

0 

-P 

-p 

-P 

-P 

-P 

43 

0 

43  0 

43  0 

43  0 

43 

0 

0 

0 

0  0 

0  0 

0  0 

0 

0 

fa 

fa 

fa  fa 

fa  fa 

fa  fa 

fa 

fa 

43 

Q) 

d 

0 

•H 

-p 

•H 

43 

d 

0 

U 

43 

i — I 
0 
o 


o 

N 

U 

0 

•H 

0 

U 

V 

d1 

43 

d 

CO 

0 

0 

CM 

ft 

0 

rH 

d* 

■d 

1 

0 

0 

CM 

CM 

43 

g 

■p 

1 

1 

-P 

d 

0 

0 

0 

0 

• 

• 

-P 

43 

CO 

VS 

43 

0 

-p 

0 

> 

> 

0 

d 

d 

0 

4H 

0 

00 

00 

0 

ft 

0 

•r| 

rH 

rH 

•H 

0 

-p 

-p 

% 

ft 

•H 

-p 

-p 

“H 

0 

43 

0 

0 

43 

0 

ft 

§• 


0 

Cn  o 


d 

■H 

d 

o 

•H 

-p 

*H 

43 

d 

O 

U 


43 

i — 1 

O 

u 


co 

> 


0 

£ 


H 


-P  rd 
rd  £ 


H 

H 


43 

0 

C 

O 

-H 

-P 

•H 

43 

c 

o 

u 


rd 

£ 


H 

H 


43 

0 

d 

0 

■H 

-P 

-H 

43 

d 

o 

o 

43 

i — i 

o 

u 


a 

o 

o 

43 

i — I 

o 

o 


CO 

> 


rd 

£ 


tn 

< 

d 

•H 

o 

d 


0 

•p 

rd 

ft 

d 

o 

■H 

v> 

d 

M-J 

d 


0 

-P 

>1 

rQ 

Cn 

d 

•H 

43 

•H 

> 

•H 

TO 

>1 

A 

43 

0 


0 

*H 

-P 

•H 

> 

•H 

-P 

U 

rd 

a 

*H 

4-1 

-H 

0 

0 

Si 

CO 


in 

o 

o 

V 

fa 


4-1 

4-1 

•H 

43 


d 

Cn 

•H 

co 


u 

0 

43 

ft 

as 

43 

d 

d 

■p 

0 

+1 

d 

0 

2 


0 


comparative  purposes.  The  specific  activities  were 
standardized  by  dividing  the  specific  activity  of  plasma 
glucose  (uc/mg  of  glucose  C)  by  the  microcuries  infused 
per  minute  per  kilogram  body  weight  (Bartley  and  Black  1966) 

The  specific  activities  of  plasma  glucose  of  the 
cold  conditioned  sheep  at  -2°C  were  significantly  (P<0.05) 
lower  than  those  of  the  warm  conditioned  sheep  at  18°C  in 
both  fed  and  fasted  states.  Fasting  during  the  chronic 
exposures  resulted  in  higher  specific  activities  in  both 
cases . 

Cold  conditioned  sheep  acutely  exposed  to  warm 
(18°C)  had  lower  specific  activities  of  plasma  glucose 
than  observed  for  warm  conditioned  sheep  exposed  to  18°C. 
Fasting  had  little  effect  on  the  specific  activities  of 
the  cold  conditioned  sheep  at  18°C. 

In  most  trials  the  specific  activity  of  plasma 
glucose  decreased  with  acute  cold  with  the  exception  of 
the  fasted  cold  conditioned  sheep  which  showed  very  little 
difference  in  specific  activity  at  any  of  the  exposure 
temperatures  (18,  -2  or  -24°C) .  The  cold  conditioned  sheep 
had  lower  specific  activities  during  the  acute  cold  than 
the  warm  conditioned  sheep  in  similar  states. 

In  brief.  Both  chronic  and  acute  cold  resulted  in  lower 
plasma  glucose  specific  activities  than  those  observed  in 
the  warm  at  18°C.  Cold  conditioned  sheep  had  lower 
specific  activities  than  warm  conditioned  sheep  at  18°C 
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and  -24°C.  The  effect  of  fasting  was  to  increase  the 
glucose  specific  activity. 

G.  Specific  Activities  of  Plasma  Palmitate 

The  recoveries  of  isotopically  labelled  palmitate 
from  plasma  were  quite  low  and  there  was  some  cross 
contamination  of  label  between  samples.  The  cross 
contamination  of  label  between  samples  most  likely 
occurred  within  the  Gas-Liquid  Chromatography  column. 
Therefore  an  acceptable  direct  measure  of  the  specific 
activities  of  plasma  palmitate  could  not  be  obtained.  A 
method  for  estimating  the  specific  activity  of  plasma 
palmitate  from  the  concentration  of  palmitate  and  the  rate 
of  infusion  of  isotopically  labelled  palmitate  is  described 
in  the  Derived  Results  section,  page  62.  These  estimates  are 
not  included  in  this  section  of  the  thesis  because  the 
derivations  required  certain  assumptions  which  could  be 
questioned.  They  are  presented  in  Appendices  C19-C33  if 
required. 

H.  Specific  Activities  of  CO2  from  Glucose  and  Palmitate 

The  standardized  specific  activities  of  expired 
CO 2  from  the  glucose  trials  are  summarized  in  Table  8. 

The  method  of  standardization  was  the  same  as  that  described 
for  the  specific  activity  of  plasma  glucose, 
a)  Specific  activity  of  CO2  from  glucose 

The  specific  activities  of  CO2  of  the  fed  cold 

*  Specific  activity  of  CO2  measured  during  the  infusion  of 
U-l^C-glucose  or  l-^C-palmitate . 
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conditioned  sheep  at  -2°C  did  not  differ  significantly 
from  the  fed  warm  conditioned  animals  at  18°C.  The  cold 
conditioned  sheep  had  lower  and  the  warm  conditioned  sheep 
had  higher  specific  activities  of  CC>2  when  fasted  than  fed. 

The  difference  between  warm  and  cold  conditioned  sheep 

when  fasted  during  chronic  exposures  was  significant  (P<0.05). 

The  fed  cold  conditioned  sheep  had  slightly  higher 
specific  activities  than  the  fed  warm  conditioned  sheep  at 
18°C.  However,  fasting  decreased  the  specific  activity 
of  CC>2  in  the  cold  conditioned  animal  and  increased  it  in 
the  warm  conditioned  animal  such  that  the  warm  conditioned  had 
a  significantly  higher  (P<-0.05)  specific  activity  at  18°C 
in  the  fasted  state. 

The  specific  activities  of  CC^  observed  during 
acute  cold  exposure  were  greater  than  those  observed  at  18°C 
for  all  treatments.  During  acute  cold  exposure  the  specific 
activities  of  CC>2  of  the  warm  conditioned  animals  were 
greater  than  those  of  the  cold  conditioned  animals.  This 
difference  was  increased  by  fasting. 

In  brief.  Chronic  cold  had  very  little  effect  on  the 
specific  activity  of  CC>2  from  glucose  in  fed  sheep  however 
chronic  cold  caused  the  specific  activity  to  decrease  in 
fasted  sheep.  Cold  conditioning  resulted  in  higher  specific 
activities  at  18°C  than  warm  conditioning  for  fed  animals 
but  not  for  fasted  animals.  Acute  cold  caused  the  specific 
activities  of  CO2  from  glucose  to  increase  in  all  cases  with 


57 


levels  being  higher  for  warm  than  cold  conditioned  sheep. 
Fasting  generally  increased  the  specific  activity  of  CO2 
from  glucose  in  warm  conditioned  animals  and  decreased  it 
in  cold  conditioned  animals. 

b)  Specific  activities  of  CO2  from  palmitate 

The  standardized  specific  activities  of  CO2 
derived  from  palmitate  are  summarized  in  the  three  columns 
on  the  right  of  Table  8.  Chronic  exposure  to  - 2°C  had 
little  effect  on  the  specific  activity  of  CC>2  from  palmitate 
in  the  fed  animal.  Fasting  caused  a  greater  increase  in 
specific  activity  of  CO2  from  palmitate  of  the  warm 
conditioned  animals  than  of  the  cold  conditioned  during 
chronic  exposure. 

Similarly  the  exposure  of  fed  cold  conditioned 
animals  to  18°C  had  little  effect  on  specific  activities. 
However,  when  the  sheep  were  fasted  the  specific  activity 
of  CO2  from  palmitate  of  warm  conditioned  sheep  was 
significantly  greater  0.05)  than  that  of  the  cold 

conditioned  sheep  at  18°C. 

The  acute  exposure  of  sheep  to  cold  resulted  in 
higher  specific  activities  of  C02  from  palmitate  in  fed 
animals,  a  decrease  in  fasted  warm  conditioned  sheep  and 
no  change  in  the  fasted  cold  conditioned  sheep  compared 
to  18°C  exposures.  The  differences  in  specific  activity 
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of  CC>2  from  palmitate  between  warm  and  cold  conditioned 
sheep  during  acute  cold  exposure  were  not  statistically 
significant. 

In  brief .  The  specific  activity  of  CC>2  from  palmitate  trials 
was  greater  in  warm  conditioned  sheep  at  18°C  than  in  cold 
conditioned  sheep  at  -2°C  when  the  sheep  were  fasted.  The 
effect  of  acute  warm  exposure  on  cold  conditioned  sheep  was 
similar  to  that  observed  during  exposure  to  -2°C.  Acute 
cold  exposure  increased  all  the  specific  activities  of  CC>2 
from  palmitate  such  that  there  were  no  statistically 
significant  differences  between  treatments. 

The  specific  activities  of  CO  2  from  palmitate 
were  greater  in  the  fasted  treatments  compared  to  the 
respective  fed  treatments  whereas  the  specific  activities 
of  CC>2  from  glucose  were  greater  in  the  fasted  treatments 
of  warm  conditioned  animals  but  less  in  the  fasted  treat¬ 
ments  of  cold  conditioned  sheep  compared  to  the  respective 


fed  treatments. 


. 


DERIVED  RESULTS 


In  order  to  better  explain  the  effect  of  cold 
on  glucose  and  palmitate  metabolism  a  number  of  calculations 
were  made  based  on  the  results  presented  in  the  previous 
section.  The  method  of  each  calculation  is  described  below 
and  then  the  calculations  are  summarized  in  Tables  9-13 
using  a  similar  format  to  that  used  for  the  preceding 
results.  Following  this  section  a  small  summary  of  the 
results  and  derived  results  is  presented. 

A.  Calculations  of  Glucose  Parameters 

The  glucose  parameters  calculated  include: 


Glucose  flux . (1) 

%  Glucose  oxidized  . (2) 

%  CC>2  from  glucose  .  (3) 

Glucose  oxidation  rate  .  (4) 


%  Heat  production  from  glucose  .  (5) 

Interpretation  of  results  obtained  from  the 
continuous  infusion  techniques  used  in  sheep  have  relied 
on  relatively  simple  mathematical  treatment  (Leng  1970) . 

For  example,  glucose  flux  per  unit  body  weight  was 
calculated  using  the  following  formula: 

Glucose  Flux  _  Infusion  rate  (uc/min) _  ^  _ 1 _  /p 

(mg/minAg)  SA  of  plasma  glucose  (uc/mg)  Body  wt  (kg)  * 

where  uc  =  microcuries 

SA  =  specific  activity 
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The  estimate  of  glucose  flux  varies  directly  with 
the  rate  of  infusion  of  the  isotope  and  inversely  with  the 
specific  activity  of  plasma  glucose  (Leng  1970) .  The  terms 
flux,  irreversible  loss,  turnover  rate,  transfer  rate, 
u"tilization  rate,  entry  rate,  inf  low— outflow  rate  and 
renewal  rate,  are  considered  to  be  measures  of  the  same 
basic  phenomenon  (Leng  1970) .  In  this  dissertation  the 
term  flux  has  been  used. 

The  validity  of  the  estimates  of  parameters  of 
glucose  metabolism  is  dependent  upon  the  assumption  that 
all  glucose  entering  into  the  system  instantaneously  mixes 
in  the  sample  pool  and  also  that  relatively  steady-state 
conditions  are  maintained  throughout  the  measurement 
period  (Baker  et  al  1959),  The  specific  activity  will 
"plateau"  if  the  rate  of  entry  of  isotope  into  the  system 
equals  the  rate  of  exit.  It  is  this  asymptotic  value  for 
specific  activity  which  should  be  used  in  the  calculation  of 
glucose  parameters  since  it  indicates  steady  state  conditions. 
Leng  et  al  (1967)  and  "White  et  al  (1969)  found  that  in 
sheep  the  specific  radioactivity  of  plasma  glucose  reached 
a  plateau  (asymptotic  value)  between  180  to  240  min  after 
the  start  of  a  continuous  infusion  of  isotopically  labelled 
glucose.  All  the  calculations  reported  in  the  present 
study  are  based  on  specific  activities  measured  between  240 
and  300  min  after  the  start  of  a  continuous  infusion  of 
isotopically  labelled  glucose  or  after  a  change  in  exposure 
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temperatures . 

Percent  glucose  oxidized 

The  percent  of  the  body  glucose  oxidized  to  CO2 
was  calculated  from  the  following  formula  (Bergman  1963) : 

%  Glucose  oxidized  =  exPired  (uc/min)^  1Q0  _>(2) 

C  infused  (uc/min) 


Percent  CO  2  from  glucose 

The  percent  of  the  CO ^  production  derived  from 
glucose  was  estimated  from  the  asymptotic  specific 
activities  of  CO2  produced  and  plasma  glucose  as  follows 
(Bergman  1963)  : 


%  CO 2  from  glucose 


SA  of  COo  produced  (uc/mg  C) 

- — - - - — -  X  100.  (3) 

SA  of  plasma  glucose  (uc/mg  C) 


Glucose  oxidation  rate 

The  glucose  oxidation  rate  was  estimated  from  the 
%  C02  from  glucose  and  the  rate  of  C02  production  (Bergman 
1963)  : 

Glucose  oxidation  rate  = 

(mg/m in/kg) 

%  CO?  from  glucose  Rate  of  C02  produced  (mg  C/min) 

mg  C  in  1  mg  of  glucose 


100  X  Body  wt  (kg) 


•  • 


(4) 


. 
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Percent  heat  production  from  glucose 

Upon  complete  oxidation,  1  milligram  of  glucose 
yeilds  approximately  3.73  calories  (West  et  al  1966). 
Therefore  3.73  times  the  oxidation  rate  of  glucose  gives 
an  estimate  of  the  rate  at  which  calories  are  released 
during  complete  oxidation  of  glucose  to  CO2  and  thus  the 
contribution  of  glucose  oxidation  to  the  total  heat 
production  of  the  animal.  Hence,  the  percent  of  the  heat 
production  derived  from  glucose  was  calculated  using  the 
following  formula: 


%  Hp  from  glucose  = 


3,73  (cal/mq)  X  Glucose  Oxidation  Rate  (mq/min/kq) 

Total  Hp  of  the  animal  (cal/min/kg) 


X  100 


(5) 


where  Hp  =  Heat  production 


It  should  be  noted  that  "any  recycling  will  tend 
to  lead  to  underestimates  of  the  rate  of  entry  of  the  tracer 
into  the  blood,  and  any  CO2  produced  in  the  rumen  will 
dilute  the  respired  CO2  and  so  tend  to  lead  to  the  under¬ 
estimate  of  the  fraction  of  the  CO2  arising  in  the  tissue 

from  tracer  metabolites.  Nonetheless  the  values  . . 

show  the  relative  importance  of  the  metabolites  to  each 
other".  (Ballard  et  al  1969). 


B.  Calculations  of  Palmitate  Parameters 

The  isolation  and  separation  of  isotopically 
labelled  palmitate  yeilded  low  and  unsatisfactory  recoveries. 
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Cross  contamination  between  samples  within  the  gas-liquid 
chromatograph  column  was  the  probable  cause  of  the 
unacceptable  palmitate  specific  activity  results.  The  use 
of  palmitate  concentration  for  estimating  palmitate 
utilization  was  therefore  considered. 

In  vivo  studies  have  shown  the  uptake  of  FFA  by 
liver  to  be  proportional  to  the  plasma  FFA  concentrations 
(Fine  and  Williams  1960;  and  McElroy  et  al  1960) .  Further¬ 
more  the  oxidation  of  palmitate  in  vitro  by  skeletal  muscle, 
diaphram  and  liver  was  found  to  be  proportional  to  the 
concentration  of  palmitate  in  the  medium  (Fritz  et  al  1958; 
and  Eaton  and  Steinberg  1961) .  Likewise  the  increase  in 
plasma  FFA  concentration  due  to  adrenaline  infusion  or 
starvation  is  associated  with  higher  rates  of  FFA  oxidation, 
whereas  the  decrease  in  plasma  FFA  concentrations  due  to 
the  infusion  of  glucose  is  associated  with  decreased  rates 
of  FFA  oxidation  (see  review  by  Steinberg  1963) . 

Armstrong  et  al  (1961)  measured  the  flux  of  FFA 

14 

in  dogs  by  continuous  infusions  of  C-palmitate ,  under 
many  varying  conditions  which  brought  about  variations  of 
plasma  FFA  concentrations  over  a  30  fold  range.  These 
conditions  included  unanesthetized  dogs  in  a  postabsorptive 
state,  pentobarbital  anesthesia,  insulin  infusion,  growth 
hormone  infusion,  norepinephrine  infusion  and  sodium 
oleate  infusion.  They  concluded  that  "under  a  variety  of 
conditions  changes  in  FFA  concentrations  are  brought  about 
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by  changes  in  FFA  production  rate  and  that  changes  in  FFA 
uptake  are  simple  mass  action  effects  of  changes  in  FFA 
concentration".  Therefore  Armstrong  et  al  (1961)  suggested 
that  FFA  turnover  could  be  evaluated  under  a  variety  of 
conditions  simply  by  measuring  FFA  concentration.  Experiments 
with  sheep,  carried  out  by  West  and  Annison  (1964) ,  support 
the  conclusion  of  Armstrong  et  al  (1961)  however  they 
suggest  that  other  factors  are  also  involved  in  the  control 
and  uptake  of  FFA.  They  did  find  a  linear  relationship 
between  the  oxidation  rate  of  palmitate  and  the  plasma 
palmitate  concentration. 

Since  the  plasma  palmitate  concentrations  and 
the  isotope  infusion  rates  in  the  present  study  are  known, 
it  was  possible  to  estimate  specific  activities  from  the 
following  equation: 

SA  plasma  palmitate  = 

(uc/mg) 

Infusion  rate  (uc/min)  v  _ 1 _ 

2.9416Y  +  0.2824  (mg/minAg)  Body  wt  (kg) . 

where  y  =  concentration  of  palmitate  (m  mole/1) 

This  equation  was  derived  by  substituting  the  regression 
equation  of  West  and  Annison  (1964)  into  the  general 
equation  for  palmitate  flux  as  follows: 


■ 
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General  equation  (Armstrong  et  al  1961) 

Palmitate  Flux  (mg/min/kg)  = 

Infusion  rate  (uc/min) _  1 

SA  plasma  palmitate  (uc/mg)  "  Body  wt  (kg) 

Regression  equation  (West  and  Annison  1964) 

Palmitate  Flux  (mg/min/kg)  =  2.9416Y  +  0.2824 

Therefore  2.9416Y  +  0.2824  = 

Infusion  rate  (uc/min) _  1 

SA  plasma  palmitate  (uc/mg)  Body  wt  (kg) 

The  rearrangement  of  equation  9  will  give 
equation  6.  Equation  6  may  not  give  a  precise  estimate 
of  specific  activity,  however  if  the  metabolism  of 
palmitate  in  the  present  sheep  is  directly  proportional  to 
their  plasma  palmitate  concentration  as  the  literature 
suggests  (West  and  Annison  1964) ,  then  use  of  the  derived 
specific  activity  for  showing  relative  changes  in  fat 
metabolism  should  be  valid  (Armstrong  et  al  1961) . 

The  formulas  used  to  calculate  palmitate 
parameters  were  similar  to  those  used  to  calculate  glucose 
parameters.  The  palmitate  parameters  calculated  were  as 


follows : 

*  Palmitate  flux  .  (  7) 

*  %  CC>2  from  palmitate  .  (10) 


(8) 


(9) 


"I  I 


1  ■  ! 
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%  Palmitate  oxidized  .  (11) 

*  Oxidation  rate  .  (12) 


*  %  Heat  production  from  palmitate  ....  (13) 

Percent  CC>2  from  palmitate 

The  percent  of  the  carbon  dioxide  derived  from 
palmitate  was  calculated  from  the  specific  activity  of 
plasma  palmitate,  calculated  as  mentioned  above,  and  the 
specific  activity  of  expired  C02  measured  during  the 
palmitate  trials : 

%  C02  from  palmitate  = 

SA  of  CO2  produced  (uc/mg  C) 

SA  of  plasma  palmitate  (uc/mg  C)  X  (1^) 

Percent  palmitate  oxidized 

The  percent  of  the  palmitate  flux  that  is  oxidized 

14 

may  be  calculated  from  the  ratio  of  C  expiration  to  the 
14 

rate  of  C  infused  times  100: 

...  -  ^ C  expired  (uc/min)  ,,,* 

%  Palmitate  oxidized  =  -r^ - ^ - L - —  X  100  .  .  (11) 

X  infused  (uc/min) 


* 


Depend  on  the  regression  equation  of  West  and  Annison 
(1964) . 
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Palmitate  Oxidation  Rate 

Using  the  %  CO^  from  palmitate,  calculated 
previously,  and  the  data  on  rate  of  carbon  dioxide 
expiration  (Appendix  C19-C33) ,  the  oxidation  rate  of 
palmitate  was  calculated: 

Palmitate  Oxidation  rate  = 

(umole/min/kg) 

%  CO2  from  palmitate  Rate  of  CO2  produced  (mg  C/min) 
100  X  Body  wt  (kg)  X  mg  C  in  1  umole  of  palmitate 

Percent  heat  production  from  palmitate 

One  micromole  of  palmitate  is  known  to  contain 
2.398  calories  of  energy  (West  et  al  1966)  and  therefore 
the  percent  of  the  heat  production  derived  from  palmitate 
may  be  calculated  using  a  similar  formula  to  that  used 
for  glucose: 


%  Hp  from  palmitate  = 


2.398  Palmitate  Oxidation  rate 

(cal/umole)  X _ (umole/min/kq) _ 

Rate  of  Hp  (cal/min/kg) 


X  100 


(13) 


C .  Summary  of  Derived  Results 
a)  Glucose  Fluxes 

The  glucose  flux  (Table  9)  of  fed  cold  conditioned 
sheep  chronically  exposed  to  -2°C  was  more  than  double  that 
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of  fed  warm  conditioned  sheep  at  18°C  (3.1  vs  1.2  mg/minAg). 
Lower  rates  were  observed  in  both  cold  and  warm  conditioned 
animals  when  they  were  fasted  (1.9  and  1.1  mg/minAg 
respectively) . 

The  glucose  fluxes  of  both  fed  and  fasted  cold 
conditioned  sheep  exposed  to  18°C  were  greater  than  those 
of  respective  warm  conditioned  sheep  exposed  to  18°C. 

Warm  conditioned  sheep  exposed  to  acute  cold  had 
only  slightly  higher  glucose  fluxes  than  those  observed 
at  18°C  (approx.  1.5  vs  1.2  mg/minAg)  regardless  of 
whether  they  were  fed  or  fasted.  The  glucose  flux  of  fed 
cold  conditioned  sheep  increased  from  2.2  to  3.1  mg/minAg 
during  acute  cold  exposure,  which  was  significantly  higher 
than  that  observed  for  the  warm  conditioned  sheep  exposed 
to  acute  cold.  The  fasting  of  cold  conditioned  sheep 
resulted  in  glucose  fluxes  during  acute  cold  (1.6  mg/minAg) 
which  tended  towards  those  observed  for  the  warm  conditioned 
animals . 

In  brief.  Chronic  cold  exposure  increased  glucose  flux. 

The  cold  conditioning  of  sheep  appearred  to  increase  the 
glucose  flux  both  during  acute  warm  and  acute  cold  exposure. 
Acute  cold  caused  the  glucose  flux  to  increase  in  all  sheep 
except  the  fasted  cold  conditioned  sheep.  Fasting  did  not 
appear  to  have  an  effect  on  glucose  flux  in  warm  conditioned 
sheep  however  fasting  tended  to  inhibit  the  increases  in 
glucose  flux  which  were  observed  in  fed  cold  conditioned  sheep. 


- 


70 


b)  Palmitate  fluxes 

During  chronic  exposures,  the  cold  conditioned 
sheep  had  higher  palmitate  flux  rates  (Table  9)  than  the 
warm  conditioned  sheep.  Fasting  caused  the  rates  to 
increase  in  both  groups  of  sheep. 

The  palmitate  flux  of  fed  warm  conditioned 
sheep  was  1.6  compared  to  1.7  umole/min/kg  for  fed  cold 
conditioned  sheep  at  18°C.  Fasting  increased  the  rates 
of  palmitate  flux  to  2.4  and  3.4  umole/min/kg  for  warm 
and  cold  conditioned  sheep  at  18°C,  respectively. 

The  palmitate  flux  in  warm  conditioned  animals 
during  acute  cold  was  more  than  double  that  observed  at  18°C. 
The  palmitate  flux  of  fed  cold  conditioned  animals  increased 
from  1.7  to  2.8  umole/min/kg  as  the  temperature  changed  from 
18  to  -24°C,  however  when  fasted  there  was  a  slight  decrease 
in  flux  from  3.3  to  3.2  umole/min/kg.  Warm  conditioned  sheep 
exposed  to  acute  cold  had  greater  palmitate  flux  than  cold 
conditioned  animals  in  both  fed  and  fasted  states. 

In  brief .  Both  chronic  and  acute  cold  increased  the  palmitate 
flux.  Cold  conditioning  sheep  tended  to  increase  the 
palmitate  flux  observed  at  18°C  but  lower  those  at  -24°C. 
Fasting  increased  palmitate  flux  in  all  cases. 

c)  Glucose  oxidation  rates 

The  glucose  oxidation  rates  are  summarized  in 


Table  10. 


t:  T  - 


Table  10.  Oxidation  Rates  of  Plasma  Glucose  (mq/min/kq)  and  Palmitate  (umole/min/kg) of 
Sheep  Conditioned  to  18  or  -2°C  and  Exposed  for  Measurement  to  18 /  -2  and  -24°' 
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A  faster  rate  of  glucose  oxidation  was  observed 
during  chronic  exposure  to  -2°C  than  18°C.  Fasting  had 
very  little  effect  on  the  rate  of  glucose  oxidation  of  the 
warm  conditioned  sheep  at  18°C  however  at  -2°C  fasting 
reduced  the  rate  from  0.72  to  0.39  mg/min/kg. 

The  fed  cold  conditioned  sheep  exposed  to  18°C 
had  a  much  higher  rate  of  glucose  oxidation  than  the  fed 
or  fasted  warm  conditioned  sheep  at  18°C.  Fasting  tended 
to  reduce  the  rate  of  glucose  oxidation  in  cold  conditioned 
animals  towards  that  observed  for  warm  conditioned  animals. 

The  glucose  oxidation  rates  were  significantly 
(P<  0.05)  greater  in  all  cases  during  acute  cold  exposure 
than  at  18°C.  The  cold  conditioned  animals  had  the  highest 
oxidation  rates  in  the  warm  (0.54  mg/min/kg)  and  showed  the 
greatest  increase  (to  1.9  mg/min/kg)  during  the  acute  cold 
period.  The  same  animals  fasted  showed  a  much  smaller 
increase  in  glucose  oxidation  as  the  temperature  was 
changed  from  18  to  -24°C  (0.29  to  0.50  mg/min/kg).  Thus 
fasted  cold  conditioned  sheep  at  -24°C  had  the  lowest  rates 
of  glucose  oxidation.  The  oxidation  rates  for  both  fed 
and  fasted  warm  conditioned  sheep  were  between  those 
observed  for  fed  and  fasted  cold  conditioned  sheep. 

In  brief.  Both  chronic  and  acute  cold  increased  the  rates 
of  glucose  oxidation.  Cold  conditioning  of  sheep  increased 
the  rate  of  glucose  oxidation  observed  except  in  fasted 
sheep  exposed  to  acute  cold  (-24°C) .  Fasting  caused  a 
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reduction  in  the  rates  of  glucose  oxidation  in  cold 
conditioned  sheep  but  had  little  effect  on  the  rates  in 
warm  conditioned  sheep. 

d)  Palmitate  oxidation  rate 

The  oxidation  of  palmitate  was  greater  in  cold 
conditioned  sheep  at  ~2°C  than  in  warm  conditioned  sheep 
at  18  C  in  both  fed  and  fasted  states.  Fasting  increased 
the  oxidation  rate  of  palmitate  in  both  groups  of  sheep. 

The  cold  conditioned  sheep  at  18°C  had  higher 
oxidation  rates  than  the  warm  conditioned  sheep  at  18°C  in 
both  fed  and  fasted  states.  The  rate  of  palmitate  oxidation 
for  fasted  animals  was  more  than  double  that  observed  for 
the  fed  animals  at  18°C. 

Acute  cold  exposure  caused  the  oxidation  of 
palmitate  to  increase  in  all  cases.  Warm  conditioned  sheep 
had  higher  rates  of  palmitate  oxidation  than  cold  conditioned 
sheep  during  acute  cold  exposure.  The  oxidation  rates  of 
palmitate  for  fasted  animals  were  greater  than  those  for 
fed  animals  during  acute  cold. 

In  brief.  Chronic  cold,  acute  cold  and  fasting  increased 
the  oxidation  rate  of  palmitate.  Cold  conditioning 
increased  the  rate  of  oxidation  observed  during  the  warm 
but  decreased  that  observed  during  acute  cold. 
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e)  Percent  glucose  oxidized  to  CC>2 

The  percent  of  the  body  glucose  oxidized  to  C02 
(Table  11)  by  sheep  chronically  exposed  to  warm  or  cold 
did  not  differ  significantly  in  either  fed  or  fasted  states. 

The  fed  cold  conditioned  sheep  exposed  to  18°C 
oxidized  26%  of  the  glucose  to  CC>2  compared  to  19%  for 
the  fed  warm  conditioned  at  18°C.  Fasting  decreased  the 
percent  glucose  oxidized  to  CC>2  to  15%  in  the  cold  conditioned 
sheep  but  had  little  effect  on  the  warm  conditioned  sheep. 

The  percent  of  the  glucose  oxidized  to  CC>2  was 
increased  in  all  cases  when  the  sheep  were  exposed  to  acute 
cold.  The  warm  conditioned  sheep  oxidized  a  greater  percent 
of  their  glucose  to  CC>2  than  the  cold  conditioned  sheep. 
Fasting  tended  to  decrease  the  percent  oxidized  to  C02» 

In  brief.  Chronic  cold  had  little  effect  on  the  percent 
of  the  glucose  oxidized  to  CC>2  whereas  acute  cold  increased 
the  percent  2-3  times.  Cold  conditioning  generally 
decreased  the  percent  of  glucose  oxidized  to  CC>2  except  when 
the  sheep  were  acutely  exposed  to  18°C  in  a  fed  state. 

f)  Percent  palmitate  oxidized  to  C02 

The  percent  of  the  palmitate  flux  oxidized  to 
C02  (Table  11)  was  significantly  greater  (P<0.05)  in  fed 
sheep  chronically  exposed  to  -2  than  18°C.  Fasting  increased 
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the  percentage  in  both  cases  such  that  the  differences 
between  them  became  insignificant. 

The  percent  of  palmitate  oxidized  to  CC>2  was 
greater  in  fed  cold  conditioned  sheep  than  fed  warm 
conditioned  sheep  at  18°C.  Both  warm  and  cold  conditioned 
sheep  had  increased  rates  of  palmitate  oxidation  when 
fasted  and  exposed  to  18°C,  however  the  difference  between 
them  was  not  significant. 

Acute  cold  increases  the  percent  palmitate 
oxidized  to  CO  2  in  all  cases.  During  acute  cold,  the 
differences  between  warm  and  cold  conditioned  were  not 
observed  to  be  statistically  significant.  The  percent  of 
palmitate  oxidized  to  CC>2  was  greater  for  fasted  than  fed 
sheep. 

In  brief.  Chronic  cold,  acute  cold  and  fasting  increased 
the  percent  of  the  plasma  palmitate  flux  oxidized  to  CC^. 
The  differences  between  warm  and  cold  conditioned  sheep 
were  not  significant  when  the  sheep  were  in  a  fasted  state. 
Cold  conditioning  increased  the  percent  palmitate  oxidized 
to  CC>2  at  18°C  in  fed  sheep. 

g)  Percent  CC>2  from  glucose 

The  percent  of  the  C00  derived  from  glucose 
(Table  12)  during  chronic  warm  exposure  to  18°C  was  4.1 
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and  5.1%  in  fed  and  fasted  sheep  respectively.  Sheep 
chronically  exposed  to  -2°C  derived  a  greater  proportion 
of  their  CO 2  from  glucose  when  fed  (10.3%)  however,  not 
much  more  than  the  warm  conditioned  sheep  when  fasted  (5.6%). 

The  cold  conditioned  sheep  derived  more  CO2  from 
glucose  than  the  warm  conditioned  sheep  at  18°C  when  fed, 
however  when  fasted  the  difference  was  negligible. 

The  percent  CO^  from  glucose  increased  in  all 
cases  when  the  sheep  were  exposed  to  acute  cold.  The  warm 
conditioned  sheep  derived  approximately  10.1%  of  their  C02 
from  glucose  during  acute  cold  exposure  in  both  fed  and 
fasted  states.  Fasting  the  cold  conditioned  sheep  resulted 
in  a  large  decrease  (from  16.9%  for  the  fed  to  6.4%  for  the 
fasted)  in  the  amount  of  CC>2  derived  from  glucose. 

In  brief.  Both  acute  and  chronic  cold  increased  the  percent 
of  the  CO 2  derived  from  glucose.  The  fed  cold  conditioned 
sheep  were  observed  to  derive  a  greater  proportion  of  their 
CO 2  from  glucose  than  the  warm  conditioned  sheep.  Fasting 
decreased  the  percent  C02  from  glucose  in  cold  conditioned 
sheep  but  had  little  effect  on  the  percent  C02  from  glucose 
in  the  warm  conditioned  sheep. 

h)  Percent  C02  from  palmitate 

The  differences  in  the  percent  C02  derived  from 
palmitate  during  chronic  exposures  of  sheep  to  cold  or 
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warm  were  not  significant  in  either  fed  or  fasted  states. 
Fasting  more  than  doubled  the  percent  CC>2  derived  from 
palmitate . 

Cold  conditioning  had  little  effect  on  the 
percent  CC>2  derived  from  palmitate  at  18°C. 

The  exposure  of  sheep  to  acute  cold  increased 
the  percent  CC>2  from  palmitate  in  all  cases  except  in  the 

fasted  cold  conditioned  sheep.  The  percent  of  the  CC>2 

\ 

derived  from  palmitate  during  acute  cold  exposure  was 
greatest  for  the  fasted  warm  conditioned  sheep.  The 
differences  between  fed  warm  conditioned  and  fed  or  fasted 
cold  conditioned  sheep  during  acute  cold  exposure  were  not 
significant . 

In  brief.  Chronic  cold  did  not  alter  the  percent  CC>2  from 
palmitate  significantly.  Similarly  cold  conditioning  had 
little  effect  during  acute  warm  exposure,  however  during 
acute  cold  exposure  cold  conditioning  appeared  to  reduce 
the  percent  CC>2  derived  from  palmitate.  Both  acute  cold 
and  fasting  increased  the  percent  C02  derived  from 
palmitate  in  most  cases. 

i)  Percent  heat  production  from  glucose 

The  fed  chronically  cold  exposed  sheep  derived 
a  significantly  greater  (P<0.05)  percent  of  their  heat 
production  (Table  13)  from  glucose  than  did  the  fed 
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chronically  warm  exposed  sheep  (7.8  compared  to  3.4% 
respectively).  Fasted  animals  derived  approximately  3.4% 
of  their  heat  production  from  glucose  during  both  chronic 
warm  and  chronic  cold  exposures. 

The  cold  conditioned  animals  derived  a  slightly 
higher  percent  of  their  heat  production  from  glucose  at 
18°C  than  did  the  warm  conditioned  sheep  in  both  fed  and 
fasted  states. 

Acute  cold  caused  significant  increases  (P<0.05) 
in  the  contribution  of  glucose  to  heat  production  in  all 
cases  with  the  exception  of  fasted  cold  conditioned  sheep. 

The  percent  of  the  total  heat  production  derived  from  glucose 
during  acute  cold  exposure  was  greatest  in  the  fed  cold 
conditioned  animals  and  least  in  the  fasted  cold  conditioned 
animals.  Fasting  had  little  effect  on  the  warm  conditioned 
animals  exposed  to  acute  cold. 

In  brief.  Fed  sheep  when  exposed  to  acute  or  chronic  cold 
derived  a  greater  percent  of  their  heat  production  from 
glucose  than  when  exposed  to  warm.  Cold  conditioning  caused 
an  increase  in  the  contribution  of  glucose  to  heat  production 
at  both  18  and  -24°C  when  the  sheep  were  fed.  Fasting 
decreased  the  contribution  of  glucose  to  heat  production 
in  cold  conditioned  sheep. 
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j )  Percent  heat  production  from  palmitate 

The  contribution  of  palmitate  to  total  heat 
production  was  greater  in  fasted  than  fed  sheep. 

The  percent  of  the  heat  production  from  palmitate 
in  cold  conditioned  sheep  exposed  to  18  or  -2°C  was  not 
significantly  different  from  that  of  the  warm  conditioned 
sheep  exposed  to  18°C. 

The  percent  of  the  heat  production  from  palmitate 
increased  in  most  cases  when  the  sheep  were  exposed  to  acute 
cold  with  the  exception  of  the  fasted  cold  conditioned 
sheep.  The  warm  conditioned  sheep  derived  a  greater 
proportion  of  their  calories  from  palmitate  during  acute 
cold  than  the  cold  conditioned  sheep. 


SUMMARY  OF  RESULTS 


The  five  comparisons  made  for  each  parameter  are 
summarized  in  Tables  14  (Comparison  I,  II  and  III)  and  15 
(Comparisons  IV  and  V) .  Control  values  are  presented  for 
each  comparison  and  the  values  to  be  compared  have  been 
expressed  in  terms  of  the  percent  change  from  the  control. 

Comparison  I  was  made  to  see  the  effect  of  chronic 
cold  on  the  parameters  measured.  Therefore  the  cold 
conditioned  sheep  at  their  conditioning  temperature  (-2°C) 
were  compared  to  the  controls  -  warm  conditioned  sheep  at 
their  conditioning  temperature  (18°C) .  Chronic  cold  was 
observed  to  increase  both  glucose  and  palmitate  catabolism 
in  fed  sheep  to  meet  the  demands  of  the  increased  heat 
production.  The  percent  increase  in  glucose  parameters  was 
greater  than  that  observed  for  palmitate  parameters.  The 
glucose  flux  and  oxidation  increased  significantly  when 
fasted  sheep  were  exposed  to  chronic  cold  whereas  the  palmitate 
parameters  changed  only  slightly.  There  was  little  change  in 
the  heat  production  derived  from  either  substrate  when  the 
sheep  were  in  a  fasted  state. 

Comparison  II  was  made  to  see  the  effect  of  cold 
conditioning  sheep  on  the  parameters  measured  when  there 
was  no  cold  stress  imposed.  Therefore  the  cold  conditioned 
sheep  acutely  exposed  to  18°C  were  compared  to  the 
controls  -  warm  conditioned  sheep  at  their  conditioning 
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Table  14.  Summary  of  Comparisons  I ,  II  and  III  of  the  Results. 

In  each  comparison  the  results  from  the  warm 
conditioned  sheep  exposed  to  18°C  have  been  used  as  controls. 
The  differences  between  the  controls  and  the  alternate 
treatments  have  been  expressed  as  percents  of  the  controls. 


Comp . 

Comp . 

Comp . 

Controls 

I 

II 

Ill 

kwc 

aCC  at 

CC  at 

WC  at 

Parameter  at  18°C 

-2°C 

18°C 

-24°C 

(%) 

(%) 

(%) 

Fed 

Hematocrits  (%) 

30.0 

14* 

8* 

14* 

RQ 

0.79 

-6 

-3 

-4 

Hp  (cal/min/kg) 

24.5 

44* 

25* 

103* 

Glue.  Cone,  (mg/100  ml) 

59.1 

26 

18 

24 

Palm.  Cone,  (umole/ml) 

0.109 

146* 

17 

376* 

Glue.  Flux  (mg/min/kg) 

1.24 

152* 

77 

26* 

Palm.  Flux  (umole/min/kg) 

1.59 

45* 

6 

116* 

Glue.  Oxid.  (mg/min/kg) 

0.23 

213* 

135* 

400* 

Palm.  Oxid.  (umole/min/kg) 

0.36 

94* 

53 

472* 

%  Glue,  to  CO2 

18.8 

24* 

39* 

294* 

%  Palm,  to  CO2 

17.0 

60 

43 

249* 

%  CO2  from  Glue. 

4.1 

151* 

80 

146* 

%  CO2  from  Palm. 

3.6 

32 

-3 

192* 

%  Hp  from  Glue. 

3.4 

126* 

71 

127* 

%  Hp  from  Palm. 

3.7 

28 

-3 

193* 

Fasted 

Hematocrits  (%) 

32.0 

-4 

15 

9* 

RQ 

0.72 

-10* 

3 

-4 

Hp  (cal/min/kg) 

21.5 

80* 

30* 

136* 

Glue.  Cone,  (mg/100  ml) 

68.8 

19 

15 

-13 

Palm.  Cone,  (umole/ml) 

0.285 

36 

77* 

205* 

Glue.  Flux  (mg/min/kg) 

1.13 

67* 

59* 

35* 

Palm.  Flux  (umole/min/kg) 

2.38 

19 

41* 

110* 

Glue.  Oxid.  (mg/min/kg) 

0.20 

95* 

45 

390* 

Palm.  Oxid.  (umole/min/kg) 

0.85 

51 

46 

277* 

%  Glue,  to  CO2 

18.6 

7 

-17 

244* 

%  Palm,  to  CO2 

32.6 

7 

7 

84* 

%  CO2  from  Glue. 

5.1 

10 

10 

100* 

%  CO 2  from  Palm. 

9.7 

-6 

7 

69* 

%  Hp  from  Glue. 

3.5 

-3 

25 

111* 

%  Hp  from  Palm. 

9.7 

-13 

17 

48* 

* 

Significantly  different 

from  control 

(P<0.05) 

a  Cold  Conditioned 

Warm 

Conditioned 

■ 
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Table  15.  Summary  of  Comparisons  IV  and  V  of  the  Results. 

In  Comparisons  IV  the  results  from  the  cold 
conditioned  sheep  exposed  to  18°C  have  been  used  as  the 
controls  (IV)  and  in  Comparisons  V  the  results  from  the 
warm  conditioned  sheep  exposed  to  -24°C  have  been  used  as 
the  controls  (V) .  The  differences  between  the  controls  and 
the  alternate  treatments  have  been  expressed  as  percents  of 
the  controls . 


Controls 

(IV) 

Comp. 

(IV) 

Controls 

(V) 

Comp . 

(y) 

Parameter 

acc 

at  18°C 

CC  at 
-24°C 

kwc 

at  -24°C 

CC  at 
-24°C 

Fed 

Hematocrits  (%) 

32.5 

(%) 

11* 

34.2 

(%) 

5 

RQ 

0.77 

-5 

0.76 

-4 

Hp  (cal/min/kg) 

30.7 

68* 

49.8 

4 

Glue.  Cone,  (mg/1 00ml) 

69.7 

0 

73.6 

-5 

Palm.  Cone,  (umole/ml) 

0.128 

202* 

5.19 

-25 

Glue.  Flux  (mg/min/kg) 

2.19 

42* 

1.56 

99* 

Palm.  Flux  (umole/min/kg)  1.68 

68* 

3.43 

-17 

Glue.  Oxid.  (mg/min/kg) 

0.54 

265* 

1.15 

71* 

Palm.  Oxid.  (umole/min/kg) 0. 55 

184* 

2.06 

-24 

%  Glue,  to  C02 

26.1 

109* 

74.0 

-26 

%  Palm,  to  CO2 

24.4 

125* 

59.3 

-8 

%  CO2  from  Glue. 

7.4 

128* 

10.1 

67* 

%  CO2  from  Palm. 

3.5 

141* 

10.6 

-21 

%  Hp  from  Glue. 

5.9 

124* 

7.8 

69* 

%  Hp  from  Palm. 

3.6 

122* 

10.9 

-27 

Fasted 

Hematocrits  (%) 

36.7 

8* 

35.0 

14 

RQ 

0.74 

-7* 

0.69 

0 

Hp  (cal/min/kg) 

28.0 

84* 

50.8 

1 

Glue.  Cone,  (mg/1 00ml) 

79.3 

-2 

59.9 

30 

Palm.  Cone,  (-umole/ml) 

0.504 

-8 

8.7 

-46 

Glue.  Flux  (mg/min/kg) 

1.80 

-6 

1.53 

10 

Palm.  Flux  (umole/min/kg) 

3.36 

-5 

4.99 

-93 

Glue.  Oxid.  (mg/min/kg) 

0.29 

103* 

0.98 

-40* 

Palm.  Oxid.  (umole/min/kg) 1 . 24 

63* 

3.20 

-37* 

%  Glue,  to  CO2 

15.4 

126* 

63.9 

-46* 

%  Palm,  to  CO2 

36.9 

70* 

63.7 

-2 

%  CO2  from  Glue. 

5.6 

14 

10.2 

-37 

%  C02  from  Palm. 

9.8 

-4 

16.4 

-43* 

%  Hp  from  Glue. 

4.2 

5 

7.3 

-40 

%  Hp  from  Palm. 

9.8 

-9* 

14.4 

-38* 

Significantly  different  from  control  (P<0. 05) 
a  Cold  Conditioned  b  Warm  Conditioned 
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temperature  (18  C) .  Most  parameters  measured  were  slightly 
higher  in  the  cold  conditioned  animals  than  the  warm 
conditioned  animals  at  18°C  in  both  fed  and  fasted  states. 
Glucose  metabolism  was  generally  higher  in  the  fed  cold 
conditioned  sheep  than  the  fed  warm  conditioned  sheep, 
with  a  significant  difference  (Pc  0.05)  in  the  rate  of 
glucose  oxidation.  The  percent  increase  in  heat  production 
from  glucose  was  greater  than  that  observed  for  palmitate 
in  fed  sheep. 

Comparison  III  was  made  to  see  the  effect  of 
acute  cold  on  warm  conditioned  sheep.  Therefore  the  warm 
conditioned  sheep  exposed  to  -24°C  were  compared  to  the 
controls  -  same  sheep  at  conditioning  temperature  (18°C) . 
Glucose  and  palmitate  metabolism  were  greatly  increased 
to  meet  the  increased  demand  of  heat  production  with 
acute  cold  in  both  fed  and  fasted  sheep.  The  percent 
increase  in  palmitate  parameters  with  acute  cold  was 
slightly  higher  than  the  percent  increase  in  glucose 
parameters  in  fed  sheep  mainly  due  to  a  lower  relative 
increase  in  glucose  flux.  In  fasted  sheep,  the  percent 
change  in  the  glucose  parameters  were  greater  than  those 
of  palmitate. 

Comparison  IV  was  made  to  see  the  effect  of  acute 
cold  on  cold  conditioned  sheep.  Therefore  the  cold 
conditioned  sheep  exposed  to  -24°C  were  compared  to  the 
controls  -  same  sheep  at  18°C.  Acute  cold  caused  significant 
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increases  (P<0.05)  in  most  of  the  parameters  measured 
when  sheep  were  in  a  fed  state.  The  relative  increases 
in  the  contribution  of  glucose  and  palmitate  to  heat 
production  were  similar  in  fed  sheep.  In  the  fasted 
sheep  exposed  to  acute  cold,  there  was  very  little  change 
in  glucose  or  palmitate  concentration  or  flux  although  the 
rates  of  oxidation  were  increased  significantly  (P<0. 05). 
There  was  little  change  in  the  proportion  of  the  heat 
production  derived  from  glucose  or  palmitate  when  animals 
were  fasted. 

Comparison  V  was  made  to  see  the  effect  of  cold 
conditioning  on  sheep  v/hen  exposed  to  acute  cold.  Therefore 
the  cold  conditioned  sheep  at  -24°C  were  compared  to  the 
controls  -  warm  conditioned  sheep  at  -24°C.  Most  of  the 
glucose  parameters  measured  were  significantly  higher  in 
fed  cold  conditioned  sheep  than  fed  warm  conditioned  sheep 
exposed  to  -24°C  whereas,  both  glucose  and  palmitate 
parameters  were  generally  lower  in  fasted  cold  conditioned 
sheep  than  fasted  warm  conditioned  sheep. 


8  n,  •  ‘S'  ■>C»rf  leriW 


' 


GENERAL  DISCUSSION 


The  loss  of  weight  observed  in  the  cold  conditioned 
sheep  during  the  experimental  period  may  have  been  due  to 
ketosis.  The  combination  of  fasting  and  cold  temperatures 
could  have  overtaxed  the  metabolic  pathways  resulting  in 
increased  ketone  production.  Bergman  (1973)  stated  that 
appetite  is  usually  depressed  or  absent  in  animals  showing 
clinical  signs  of  ketosis.  The  death  of  one  of  the  cold 
conditioned  sheep  shortly  after  she  had  been  fasted  was  also 
probably  due  to  ketosis. 

The  restlessness  observed  in  the  sheep  probably 
increased  the  variability  of  the  results,  however,  differences 
were  still  apparent  between  treatments. 

The  hematocrits  of  the  experimental  sheep  were 
observed  to  increase  when  the  sheep  were  exposed  to  acute 
cold.  Slee  found  a  similar  effect  on  hematocrits  when 
sheep  were  exposed  to  acute  cold  (see  Halliday  et  al  1969) • 

The  sheep  chronically  exposed  to  cold  also  tended  to  have 
higher  hematocrits  than  those  maintained  in  the  warm.  Slee 
did  not  find  any  differences  in  hematocrits  of  sheep 
chronically  exposed  to  8°C  and  30°C  (see  Halliday  et  al  1969) • 
The  higher  hematocrits  observed  in  the  chronically  cold 
exposed  sheep  reported  herein  may  be  due  to  the  lower 
temperature  of  -2°C  to  which  they  were  exposed.  Cold 
conditioned  sheep  had  higher  hematocrits  at  18°C  than  did 
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warm  conditioned  sheep.  The  changes  in  hematocrits  observed 
in  the  present  sheep  in  response  to  cold  may  have  been 
initially  illicited  by  stress.  Cold  is  a  stress  factor 
which  increases  an  animal's  demand  for  energy.  Stress 
causes  spleen  contraction  which  releases  red  blood  cells 
and  hence  causes  a  larger  hematocrit  and  blood  volume 
(Guyton  1971)  .  Guyton  (1971)  postulates  that  the  increased 
blood  volume  insures  a  rapid  return  of  blood  to  the  heart 
and  the  greater  number  of  circulating  red  blood  cells  gives 
the  blood  a  greater  oxygen  carrying  capacity.  The  higher 
hematocrits  observed  in  the  present  study  were  associated 
with  higher  heat  productions  and  hence  may  have  been 
necessary  to  supply  the  increased  oxygen  demand. 

The  heat  production  was  found  to  be  greater  in 
both  chronic  and  acute  cold  exposed  sheep  than  in  warm 
exposed  sheep  which  was  expected  since  Blaxter  (1962) 
calculated  the  lower  critical  temperature  of  sheep  with  5  mm 
fleeces  to  be  31°C  when  fasted,  25°C  when  given  a  maintenance 
ration  and  18°C  when  full  fed.  Fed  sheep  had  higher  heat 
production  than  fasted  sheep  probably  due  to  the  energy 
expenditure  required  to  digest  the  feed.  However,  when 
exposed  to  acute  cold  the  differences  between  fed  and  fasted 
sheep  disappeared.  Blaxter  (1958),  Joyce  and  Blaxter  (1964) 
suggest  that  the  nutritional  level  of  an  animal  has  no 
effect  on  total  heat  production  below  the  animals's 
critical  temperature.  Therefore  differences  in  heat 
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production  between  fed  and  fasted  sheep  would  probably  not 
be  expected  at  an  acute  cold  temperature  of  -24°C.  Cold 
conditioned  sheep  had  higher  heat  productions  than  warm 
conditioned  sheep  at  18°C  in  both  fed  and  fasted  states 
which  may  have  been  due  to  an  increased  resting  metabolic 
rate  of  cold  conditioned  sheep.  Other  researchers  (Slee 
1972;  and  Webster  et  al  1969)  also  suggested  that  exposure 
to  cold  increased  the  resting  metabolic  rate  of  sheep. 
Although  the  previous  studies  may  be  confounded  by 
differences  in  feed  intake.  Young  (1972)  and  Young  and 
Christopherson  (1974)  also  found  elevated  resting  metabolic 
rates  in  cattle  on  constant  levels  of  feeding. 

The  purpose  of  this  thesis  was  to  determine  the 
extent  to  which  glucose  and  fat  in  sheep  contribute  to  the 
increased  heat  production  associated  with  cold.  It  was  on 
the  basis  of  protein  corrected  RQ ' s  that  Graham  et  al  (1959) 
suggested  that  below  the  critical  temperature  the  source  of 
additional  heat  for  sheep  was  entirely  increased  fat 
catabolism.  A  similar  suggestion  was  made  for  cattle 
(Blaxter  and  Wainman  1961).  The  RQ ' s  presented  in  Table  4 
were  not  corrected  for  protein  catabolism  and  as  well  they 
were  calculated  for  relatively  short  periods  of  time 
(15  min).  The  RQ 1 s  were  decreased  by  chronic  cold 
exposure,  especially  in  fasted  animals.  Acute  cold  and 
fasting  caused  significant  decreases  in  the  RQ ' s  compared 
to  warm  exposed  or  fed  animals  respectively.  These  results 
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are  therefore  in  agreement  with  Graham  et  al  (1959)  in 
that  they  indicate  that  fat  is  being  utilized  to  a  greater 
extent  in  cold  exposed  sheep.  However,  this  does  not 
necessarily  mean  that  the  use  of  other  specific  substrates 
is  curtailed.  The  recycling  of  substrates  in  vivo  may  not 
be  apparent  from  RQ's.  Recently  it  has  been  suggested  that 
both  liver  gluconeogenesis  and  muscle  glycolysis  increase 
with  cold  exposure  of  rats  (Nakagawa  and  Nagai  1971) .  A 
similar  phenomenon  could  exist  in  sheep.  If  liver  gluconeo¬ 
genesis  and  muscle  glycolysis  increase  in  sheep  exposed  to 
cold  such  that  there  is  no  depletion  in  body  glucose  stores, 
then  the  changes  in  glucose  metabolism  would  not  affect  RQ's 
Similarly  an  increase  in  the  Cori  cycle  would  have  no  direct 
effect  on  RQ's  since  it  is  an  anaerobic  cycle  which  does 
not  produce  CC^.  Leng  (1970)  suggested  that  the  recycling 
of  glucose  carbon  might  be  an  important  process  when 
gluconeogenic  substrates  are  in  short  supply  or  when  the 
demand  for  gluconeogenesis  is  substantial. 

There  were  no  statistically  significant  difference 
observed  in  plasma  glucose  concentration  due  to  thermal 
conditioning  or  exposure  temperature.  It  is  generally 
recognized  that  control  mechanisms  in  animals  tend  to 
maintain  a  relatively  constant  blood  glucose  concentration 
(Krebs  1964) .  However,  the  plasma  glucose  concentrations 
of  sheep  chronically  exposed  to  cold  were  observed  to  be 
slightly  higher  than  those  chronically  exposed  to  warm 
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temperatures.  This  is  in  agreement  with  the  results  of 
Halliday  et  al  (1969)  who  found  that  glucose  levels  were 
higher  in  shorn  sheep  chronically  exposed  to  8  than  to  30°C. 
Olsen  and  Trenkle  (1973)  found  that  cattle  also  had  slightly 
higher  plasma  glucose  concentrations  when  exposed  to 
prolonged  cold.  Halliday  et  al  (1969)  exposed  shorn  sheep 
to  an  acute  cold  of  -25°C  and  observed  the  glucose  concen¬ 
trations  to  approximately  double.  The  glucose  concentrations 
of  fed  warm  conditioned  sheep  were  also  observed  to  increase 
(from  59.7  to  73.6  mg/100  ml)  upon  exposure  to  acute  cold 
(-24°C)  in  the  present  studies,  however  not  nearly  to  the 
extent  observed  by  Halliday  et  al  (1969) .  Acute  cold 
exposure  appeared  either  to  have  little  effect  or  to  cause 
slight  decreases  in  plasma  glucose  concentration  of  cold 
conditioned  and/or  fasted  sheep.  Similarly,  Pernod  et  al 
(1972)  found  that  glucose  concentration  remained  fairly 
constant  in  dogs  exposed  to  acute  cold  of  -25°C. 

The  fasting  of  dogs  for  7  to  11  days  was  observed 
to  have  no  significant  effect  on  glucose  concentration 
compared  to  normal  dogs  (Steele  et  al  1968) .  In  the  present 
study,  the  glucose  concentrations  were  observed  to  be 
generally  higher  in  fasted  than  fed  sheep  with  the  exception 
of  warm  conditioned  sheep  exposed  to  acute  cold.  Cold 
conditioned  sheep  also  tended  to  have  higher  glucose 
concentrations  than  warm  conditioned  sheep  except  when  they 
were  exposed  to  acute  cold  in  a  fed  state. 
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Although  the  differences  in  glucose  concentrations 
between  treatments  were  not  statistically  significant,  the 
changes  in  specific  activity  of  glucose  and  expired  CC^ 
during  the  glucose  trials  indicate  that  there  were 
significant  changes  in  the  utilization  of  glucose  with 
cold  exposure.  "The  rate  of  glucose  uptake  is  well  known 
not  to  be  related  to  glucose  concentration  in  any  simple 
way  because  a  variety  of  agents  and  hormones  influence  the 
readiness  with  which  glucose  is  taken  up  at  any  given  plasma 
glucose  concentration."  (Armstrong  et  al  1961). 

In  order  to  better  understand  the  changes  in 
glucose  metabolism  with  cold  a  number  of  calculations  were 
made  (see  derived  results,  page  59  )  using  the  specific 
activities  of  plasma  glucose  and  CC>2  produced  as  the  basis. 

The  results  of  these  calculations  have  been  summarized  in 
Tables  9-13. 

It  may  be  seen  from  Table  9  that  the  glucose 
flux  was  3.13  mg/min/kg  in  fed  sheep  chronically  exposed 
to  cold  compared  to  1.24  mg/min/kg  in  fed  sheep  chronically 
exposed  to  warm.  The  glucose  fluxes  of  the  fed  sheep 
chronically  exposed  to  warm  were  low  compared  to  those 
commonly  reported  in  the  literature  (see  review  by  Leng  1970) . 
This  may  be  related  to  the  larger  size  of  sheep  used  in  the 
present  study  compared  to  other  studies  (Leng  1970)  or  to  some 
inapparent  effect  of  experimental  condition.  The  rate  of 
glucose  oxidation  was  also  greater  in  the  chronically  cold 
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exposed  sheep  compared  to  the  warm  exposed  sheep  (Table  10) , 
with  the  net  effect  that  a  greater  proportion  of  the  expired 
CC>2  was  derived  from  glucose  carbon  during  chronic  cold 
exposure  (10.3%  compared  to  4.1%  respectively).  If  this 
is  expressed  in  terms  of  the  percent  of  the  total  heat 
production  coming  from  glucose  then  approximately  7.7%  of 
the  calories  used  for  heat  production  during  chronic  cold 
exposure  came  from  glucose  compared  to  3.4%  during  chronic 
warm  exposure.  The  glucose  flux  and  oxidation  rate  were 
both  much  lower  in  the  chronically  cold  exposed  sheep  when 
they  were  fasted  than  when  they  were  fed  whereas,  fasting 
had  little  effect  on  these  parameters  in  the  chronically 
warm  exposed  sheep.  In  ruminants,  gluconeogenesis  is 
usually  reduced  by  fasting  (Annison  and  White  1961;  Kronfeld 
and  Simesen  1961;  Leng  1970  and  Bergman  1973).  Bergman 
(1963)  found  that  the  average  turnover  rate  of  glucose 
(glucose  flux)  was  1.39  mg/min/kg  in  fed  sheep  compared  to 
only  0.95  mg/min/kg  in  fasted  sheep.  However  his  sheep  were 
fasted  3-6  days  compared  to  only  36  h  in  the  present  studies. 
It  is  possible  that  the  warm  conditioned  sheep  after  36 
hours  fasting  are  still  obtaining  substantial  amounts  of 
substrate  from  the  gut,  whereas  the  cold  conditioned  sheep 
would  utilize  these  substrates  at  a  much  higher  rate  due 
to  their  higher  heat  production  and  therefore  would  become 
dependent  on  body  stores  much  sooner.  If  this  is  the  case, 
then  fasting  for  36  h  would  be  expected  to  have  a  greater 
effect  on  cold  conditioned  than  warm  conditioned  sheep  as 
seen  in  this  study.  The  net  effect  was  that  approximately 
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3.4%  of  the  heat  production  was  derived  from  glucose  in 
both  the  chronically  cold  and  warm  exposed  sheep  when  they 
were  fasted.  However,  the  rate  of  heat  production  was 
greater  in  the  fasted  chronically  cold  exposed  sheep 
compared  to  the  fasted  chronically  warm  exposed  sheep  and 
hence  a  greater  amount  of  heat  is  being  produced  from 
glucose  in  the  chronically  cold  exposed  sheep. 

The  estimated  glucose  flux  for  fed  cold  conditioned 
sheep  exposed  to  18°C  was  2.4  mg/min/kg  compared  to  1.24 
mg/min/kg  for  warm  conditioned  sheep  exposed  to  18°C. 
Similarly,  the  glucose  oxidation  rates  were  0.54  and  0.23 
mg/min/kg, respect ively.  The  greater  glucose  flux  and 
oxidation  rate  observed  in  the  cold  conditioned  sheep 
compared  to  the  warm  condition  sheep  resulted  in  a  greater 
proportion  of  the  total  heat  production  being  derived  from 
glucose  in  the  cold  conditioned  sheep  (5.9%  compared  to 
3.4%).  Fasting  the  cold  conditioned  animals  caused  a 
slight  decline  in  glucose  flux  at  18°C  from  2.19  to  1.80 
mg/min/kg  and  a  marked  decline  in  the  rate  of  oxidation 
from  0.54  to  0.29  mg/min/kg.  This  means  that  the  percent 
of  the  glucose  flux  oxidized  to  C02  in  the  cold  conditioned 
sheep  exposed  to  18°C  was  reduced  from  26.1%  to  15.4%  by 
fasting,  which  is  even  less  than  the  18.6%  observed  for  the 
fed  or  fasted  warm  conditioned  sheep  at  18  C. 

The  exposure  of  the  experimental  sheep  to  acute 
cold  (-24°C)  resulted  in  higher  glucose  flux  and  oxidation 
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rates  than  observed  for  the  same  sheep  at  lS^,  with  the 
exception  of  the  fasted  cold  conditioned  sheep  and  hence  a 
greater  percent  of  the  total  heat  production  was  derived 
from  glucose  in  most  cases  (see  Table  13) .  Pernod  et  al 
(1972)  found  the  plasma  glucose  turnover  (glucose  flux)  and 
oxidation  rates  also  increased  in  dogs  when  they  were  exposed 
to  acute  cold  (-25°C)  however  there  was  a  drop  in  the  glucose 
participation  to  CO^  from  19  to  12%.  In  the  present  study 
the  level  of  glucose  flux  and  oxidation  attained  varied 
depending  on  whether  the  animals  were  warm  or  cold 
conditioned;  fed  or  fasted.  The  fed  cold  conditioned 
animals  were  observed  to  have  much  higher  glucose  flux 
(3.10  mg/min/kg)  and  oxidation  rates  (1.97  mg/min/kg)  than 
all  other  treatments  during  acute  cold.  However,  a  greater 
proportion  of  the  glucose  flux  was  oxidized  to  C02  in  the 
warm  conditioned  sheep  compared  to  the  cold  conditioned 
sheep  in  both  fed  and  fasted  states  (Table  11) .  In  all 
cases  the  proportion  of  glucose  oxidized  to  C02  increased 
with  acute  cold  exposure.  Pernod  et  al  (1972)  also  noted 
that  a  greater  proportion  of  the  glucose  in  dogs  was  quickly 
oxidized  to  CO 2  when  the  dogs  were  exposed  to  acute  cold. 

Both  the  glucose  flux,  and  the  glucose  oxidation  rate  were 
reduced  in  the  cold  conditioned  sheep  acutely  exposed  to 
cold  when  fasted.  This  is  most  likely  due  to  the  lower 
rate  of  gluconeogenesis  in  fasted  compared  to  fed  ruminants 
(Annison  and  White  1961;  Kronfeld  and  Simesen  1961;  Leng 
1970;  and  Bergman  1973) .  The  percent  of  the  glucose  flux 
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oxidized  to  CC>2  during  acute  cold  exposure  was  lowest  for 
the  fasted  cold  conditioned  sheep.  The  net  result  was  that 
the  fed  cold  conditioned  sheep  derived  a  greater  proportion 
of  their  heat  production  from  glucose  during  acute  cold  than 
either  fed  or  fasted  warm  conditioned  sheep.  However,  when 
the  cold  conditioned  sheep  were  fasted  they  derived  less 
heat  production  from  glucose  than  the  warm  conditioned 
sheep  in  either  a  fed  or  fasted  state. 

It  is  therefore  concluded  that  both  chronic  and 
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acute  cold  exposure  increase  the  contribution  of  glucose  to 
the  total  heat  production  in  sheep.  Cold  conditioning 
appears  to  increase  utilization  of  glucose  for  heat  production 
in  fed  sheep  although  the  percent  of  the  glucose  flux  being 
oxidized  to  CC^  is  slightly  less  than  in  warm  conditioned 
sheep.  Fasting  appears  to  have  little  effect  on  the  utiliza¬ 
tion  of  glucose  in  warm  conditioned  sheep  however,  it  causes 
marked  reductions  in  both  flux  and  oxidation  in  cold 
conditioned  sheep. 

The  results  indicate  that  there  might  be  a 
slight  inhibition  of  glucose  oxidation  in  fed  cold  conditioned 
sheep  and  when  fasted  this  inhibition  increases  markedly. 

The  fact  that  the  highest  glucose  concentrations  were 
observed  in  the  cold  conditioned  fasted  sheep  (Table  6) 
indicate  that  glucose  oxidation  was  not  limited  by 
availability.  An  increased  release  of  growth  hormone  might 
explain  the  inhibition  of  glucose  oxidation  observed. 

Fasting  and/or  stress  stimulate  the  release  of  growth 
hormone  (Grodsky  1971) .  Machlin  et  al  (1968)  observed  an 
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increase  in  growth  hormone  in  young  anesthetized  sheep 
during  induction  of  hypothermia  with  ice  packs.  Olsen 
and  Trenkle  (1973)  also  observed  an  increase  in  plasma 
growth  hormone  levels  of  cattle  exposed  to  prolonged  cold. 

The  cow  which  appeared  the  most  stressed  by  cold  in  their 
studies  had  the  greatest  increase  in  growth  hormone.  Growth 
hormone,  in  times  of  increased  energy  demand,  may  spare 
protein  and  carbohydrate  at  the  expense  of  fat  since  growth 
hormone  stimulates  overall  protein  synthesis,  (Grodsky  1971) 
impairs  glucose  utilization  (Hollobaugh  et  al  1968)  and 
increases  fat  utilization  (Knobil  and  Hotchkiss  1964) . 

Ruminants  in  a  physiological  emergency  may  be 
placed  in  a  carbohydrate  insufficiency  and  develop  ketosis 
(Patterson  and  Cunningham  1969) .  The  slow  response  or  lack 
of  response  of  ketogenesis  in  ruminants  to  glucose  therapy 
emphasizes  that  it  is  not  glucose  availability  but  rather 
its  utilization  which  is  impaired  in  ketosis  (Patterson 
and  Cunningham  1969) ,  possibly  by  the  hypersecretion  of 
growth  hormone  (Seekles  1948;  Kronfeld  1963;  1965;  and 
Patterson  and  Cunningham  1969) .  A  similar  interpretation 
may  be  placed  on  results  obtained  in  the  present  study. 
However,  hypoglycemia  which  is  commonly  associated  with 
ketosis  (see  review  by  Patterson  and  Cunningham  1969)  and, 
which  has  been  suggested  to  be  the  stimulus  for  the  secretion 
of  growth  hormone  (Roth  et  al  1963;  and  Knobil  1964)  was 
not  observed  in  the  present  study.  Growth  hormone  can 
cause  hyperglycemia  (Williams  1962)  and  therefore  the 
relatively  high  levels  of  glucose  observed  in  the  fasted 
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cold  conditioned  sheep  may  have  resulted  after  an  increase 
in  the  plasma  level  of  growth  hormone.  The  lowered  appetite 
observed  after  fasting  the  cold  conditioned  sheep  may  be  due 
to  the  production  of  ketones  which  is  known  to  impair 
appetite  (Bergman  1973) . 

In  this,  as  in  similar  studies,  it  has  been  assumed 
that  the  metabolism  of  palmitate  is  representative  of  the 
metabolism  of  the  total  FFA  fraction.  The  plasma  palmitate 
concentrations  were  increased  by  chronic  cold  exposure,  acute 
cold  exposure  and  fasting.  Halliday  et  al  (1969)  and  Slee 
and  Halliday  (1968)  found  that  exposure  of  sheep  to  chronic 
and  acute  cold  increased  the  plasma  levels  of  free  fatty 
acids,  which  is  in  agreement  with  the  results  presented  herein. 
Similarly  Bost  and  Dorleac  (1965)  found  that  plasma  FFA 
increased  as  environmental  temperature  fell.  Patterson  (1963) 
also  noted  an  increase  in  FFA  in  ewes  that  was  apparently  due 
to  adverse  weather  conditions  whereas  Karihaloo  et  al  (1970) 
did  not  observe  any  effect  of  wintering  ewes  at  low  temper¬ 
atures  on  plasma  FFA.  The  FFA  concentration  in  cattle  was 
observed  to  increase  when  they  were  exposed  to  an  acute  cold 
of  -20°C  (Thompson  et  al  1972) .  Armstrong  et  al  (1961) ; 
Issekutz  et  al  (1964)  and  West  and  Annison  (1964)  suggest 
that  the  FFA  concentration  is  dependent  on  the  rate  of 
mobilization  and  that  the  amount  of  FFA  catabolized  is 
controlled  by  the  circulating  level  according  to  the  law  of 
mass  action.  Therefore  it  is  evident  from  the  changes  in 
palmitate  concentration  observed  when  sheep  were  exposed  to 
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cold,  that  fat  is  an  important  metabolic  substrate  for  the 
increased  heat  production  associated  with  cold. 

Estimates  of  the  contribution  of  palmitate  to 
heat  production  have  been  made  on  the  basis  of  palmitate 
concentration  and  the  specific  activity  of  CO  2  during 
palmitate  trials  (see  page  62  of  Derived  Results) .  The 
palmitate  flux  in  fed  chronically  cold  exposed  sheep  was 
approximately  2.3  umoles/min/kg  compared  to  1.59  umoles/min/kg 
for  fed  chronically  warm  exposed  sheep.  The  rate  of 
palmitate  oxidation  was  0.70  umoles/min/kg  for  the  fed 
chronically  cold  exposed  sheep  and  0.36  umoles/min/kg  for 
the  fed  chronically  warm  exposed  sheep.  The  net  result  was 
that  fed  chronically  cold  exposed  sheep  derived  a  slightly 
greater  percent  of  their  calories  from  palmitate  than  did 
the  fed  chronically  warm  exposed  sheep  (4.78  vs.  3.73%). 

The  fluxes  and  oxidation  rates  of  palmitate  were  higher  in 
fasted  sheep  than  fed  sheep  when  chronically  exposed  to 
either  warm  or  cold  which  resulted  in  a  higher  proportion 
of  the  calories  being  derived  from  palmitate  in  fasted 
sheep  than  fed  sheep. 

The  cold  conditioned  sheep  exposed  to  18°C  had 
slightly  higher  palmitate  fluxes  and  palmitate  oxidation 
rates  than  the  warm  conditioned  sheep  exposed  to  18°C. 

However,  with  the  higher  total  heat  production  observed  in 
the  cold  conditioned  sheep  at  18°C  the  net  result  was  that 
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there  was  no  difference  in  the  percent  of  the  heat 
production  derived  from  palmitate  between  the  two  groups. 

The  palmitate  flux  and  oxidation  rates  were 
greater  during  acute  cold  exposure  than  at  lS0^  with  the 
exception  of  the  palmitate  flux  of  fasted  cold  conditioned 
sheep.  A  greater  proportion  of  the  palmitate  flux  was 
quickly  oxidized  to  CO^  during  acute  cold  exposure  than 
at  18°C.  Vincent-Falquet  et  al  (1972)  and  Paul  and  Holmes 
(1973)  found  that  dogs  exposed  to  acute  cold  also  showed 
higher  palmitate  turnover  (flux)  and  oxidation  rates  and 
that  a  greater  proportion  of  the  palmitate  was  quickly 
oxidized  to  CO^  than  in  the  warm.  Both  the  flux  and  the 
oxidation  rates  of  palmitate  were  higher  in  warm  conditioned 
sheep  than  cold  conditioned  sheep  in  both  fed  and  fasted 
states  during  acute  cold  exposure.  There  was  no  difference 
in  the  percent  of  the  palmitate  flux  oxidized  to  CC>2  between 
warm  and  cold  conditioned  sheep.  The  net  result  was  that 
warm  conditioned  sheep  derived  a  greater  percent  of  their 
calories  for  heat  production  from  palmitate  than  cold 
conditioned  sheep  in  both  fed  and  fasted  states. 

Therefore  it  may  be  concluded  that  the  use  of 
palmitate  for  heat  production  is  increased  by  acute  cold, 
chronic  cold  and  fasting.  Cold  conditioning  of  sheep 
appears  to  slightly  reduce  the  proportion  of  the  total 
heat  production  derived  from  palmitate. 
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As  mentioned  previously,  the  purpose  of  this 
thesis  is  to  determine  the  relative  contributions  of 
glucose  and  FFA  in  sheep  to  the  increased  heat  production 
associated  with  cold.  The  following  figure  (Figure  5) 
illustrates  the  contribution  of  FFA  and  glucose  to  the 
increased  heat  production  associated  with  cold.  The 
increase  in  heat  production  due  to  cold  was  estimated  by 
determining  the  differences  in  heat  production  between  the 
warm  conditioned  sheep  at  18°C  and  the  other  treatments  for 
both  fed  and  fasted  sheep.  The  increased  heat  production 
derived  from  glucose  and  palmitate  with  cold  were  estimated 
similarly.  The  increased  heat  production  from  palmitate 
was  converted  to  increased  heat  production  from  FFA  by 
dividing  by  0.16.  The  factor  0.16  was  used  since  palmitate 
made  up  approximately  16%  of  the  total  FFA  in  the  experimental 
sheep  (see  Appendix  D) . 

Approximately  20%  of  the  increased  heat  production 
in  sheep  chronically  exposed  to  -2°C  can  be  accounted  for 
by  the  oxidation  of  glucose  compared  to  approximately  43% 
by  the  oxidation  of  FFA.  Fasting  reduces  the  contribution 
of  glucose  to  approximately  3.2%  and  of  FFA  to  approximately 
18%  of  the  increased  heat  production.  The  reduction  in  the 
glucose  contribution  to  the  increased  heat  production  is 
most  likely  related  to  the  lower  rate  of  gluconeogenesis 
in  fasted  sheep.  In  the  fed  animal  the  gut  most  likely 
contributes  a  significant  proportion  of  the  substrates 
required  for  heat  production,  however,  in  fasted  animals 
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Figure  5.  The  Percent  of  the  Increased  Heat  Production  (Hp) 
Associated  with  Cold  Exposure  of  Sheep  Accounted 
for  by  Increases  in  Glucose  and  Free  Fattv  Acid  (FFA) 

Oxidat ion .  ^Measurements  from  the  warm  conditioned  sheep  at 
their  conditioning  temperature  (18°C)  were  used  to  establish 
the  baseline. 
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%  Hp  f rom 
FFA 


Fed 

Fasted 


24.6 

21.5 


3.4 

3.5 


23.1 

60.6 
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the  contribution  of  substrates  from  the  gut  is  most  likely 
reduced  and  hence  the  animal  becomes  more  dependent  on  body 
stores.  Therefore  the  reason  for  the  decrease  in  calories 
contributed  by  FFA  to  the  increased  heat  production  in  the 
fasted  chronically  cold  exposed  sheep  is  not  readily  apparent 
unless  the  body  fat  depots  were  depleted  to  such  an  extent 
that  the  sheep  became  more  dependent  on  body  protein  when 
fasted.  It  is  possible  that  the  decrease  was  associated 
with  incomplete  combustion  of  FFA  and  that  the  sheep  may 
have  been  in  a  ketotic  state. 

The  fed  cold  conditioned  sheep  acutely  exposed 
to  18°C  derived  approximately  14%  of  their  calories  for  the 
increased  heat  production  from  glucose  and  19%  from  FFA. 
Fasting  resulted  in  a  slightly  smaller  percent  of  the 
increased  heat  production  coming  from  glucose  (11%)  and  a 
larger  percent  coming  from  FFA  (29%)  . 

Approximately  21%  of  the  increased  heat  production 
of  fed  cold  conditioned  sheep  acutely  exposed  to  -24°C  can 
be  accounted  for  by  glucose  and  approximately  77%  by  FFA. 
Fasting  these  animals  resulted  in  significant  decreases  in 
the  contribution  of  glucose  and  FFA  to  the  increased  heat 
production  associated  with  acute  cold  exposure.  It  is 
probable  that  this  response  to  fasting  is  similar  to  that 
previously  described  for  the  cold  conditioned  sheep  when 
exposed  to  chronic  cold.  The  fact  that  the  fasted  cold 
conditioned  sheep  had  the  highest  glucose  concentration 
but  the  lowest  glucose  oxidation  rates  during  acute  cold 
exposure  would  indicate  that  glucose  metabolism  was  inhibited. 
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Similarly,  the  reduction  in  palmitate  utilization  may 
indicate  some  impairment  of  FFA  utilization. 

The  percent  of  the  increased  heat  production 
contributed  by  FFA  upon  exposure  of  warm  conditioned  sheep 
to  an  acute  cold  temperature  of  — 24°C  was  estimated  to  be 
117%  when  sheep  were  fed  and  97%  when  fasted.  These 
results  support  Graham  et  al's  (1959)  and  Blaxter  and 
Wainman's  (1961)  conclusion  that  in  ruminants  fat  alone 
can  account  for  the  increased  heat  production  associated 
with  cold.  However,  the  results  presented  herein  also 
indicate  that  glucose  accounts  for  approximately  11%  of 
the  increased  heat  production  associated  with  acute  cold 
exposure.  The  energy  supplied  by  the  gut  probably  decreases 
during  cold  exposure,  at  least  in  the  fasted  animals  and 
hence  the  sheep  must  rely  more  on  body  stores  for  normal 
maintenance  energy.  It  is  therefore  probably  inaccurate 
to  suggest  that  the  increase  in  fat  metabolism  is  solely 
directed  at  the  increase  in  heat  production  since  it  is 
likely  that  more  of  the  maintenance  requirements  are  now 
being  met  by  the  mobilization  of  body  stores.  The  results 
presented  herein  indicate  that  both  FFA  and  glucose 
contribute  to  heat  production  in  warm  conditioned  sheep 
exposed  to  acute  cold. 

The  cold  conditioned  sheep  appeared  to  utilize 
glucose  to  a  much  greater  extent  than  the  warm  conditioned 
sheep  which  is  evident  from  the  higher  percent  of  the  heat 
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production  derived  from  glucose  during  both  the  chronic 
and  acute  cold  exposures  of  these  sheep.  However,  both 
glucose  and  palmitate  metabolism  appeared  to  be  impaired 
in  these  sheep  when  fasted  whereas  fasting  appeared  to  have 
very  little  effect  on  either  glucose  or  palmitate  metabolism 
in  warm  conditioned  sheep. 

The  source  of  energy  for  the  increased  heat 
production  not  accounted  for  by  glucose  or  FFA  catabolism 
can  only  be  speculated  at  the  present  time.  The  logical 
alternate  source  of  energy  is  protein  however  as  mentioned 
previously  the  maintenance  of  body  protein  is  crucial  to 
an  animal's  survival.  Therefore  it  is  tempting  to  suggest 
that  nitrogen  recycling  increases  concurrently  with  heat 
production,  although  there  is  no  evidence  of  this  to  date. 

An  increase  in  the  amount  of  ammonia  from  catabolized  protein 
reincorporated  into  amino  acids  in  the  rumen  by  microorganisms 
and  then  reabsorbed,  would  conserve  protein  mass  at  times  of 
increased  protein  catabolism.  However,  the  role  of  protein 
in  cold  induced  thermogenesis  is  not  clear  due  to  the 
limited  research  in  this  area  to  date. 

This  study  showed  that  glucose  as  well  as  fat 
oxidation  increase  to  meet  the  increased  requirements  for 
heat  production  when  sheep  are  exposed  to  cold.  Further 
research  is  required  to  determine  the  mechanism  whereby 
glucose  oxidation  was  impaired  in  cold  conditioned  sheep 
keeping  in  mind  the  possible  role  of  growth  hormone.  Such 
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research  might  increase  our  understanding  of  common  stress 
disorders  in  which  a  carbohydrate  deficiency  is  implicated 
in  the  etiology,  such  as  ketosis  and  pregnancy  toxemia,  both 
of  which  are  enhanced  by  adverse  weather  conditions* 

The  limitations  of  the  present  study  should  be 
realized  if  the  results  are  to  be  interpreted  fairly.  Only 
three  animals  were  used  per  sample.  Sheep  were  used  as  the 
experimental  animal  with  the  assumption  that  they  were 
representative  of  ruminants.  These  sheep  were  exposed  to 
controlled  environments  within  the  laboratory  which  may 
have  yeilded  different  results  than  would  have  been  found 
under  natural  conditions.  Estimates  of  FFA  utilization  were 
based  mainly  on  plasma  palmitate  concentrations.  In  the 
light  of  the  present  research  it  would  seem  advisable  to 
increase  the  concentration  of  gluconeogenic  precursors, 
possibly  by  increasing  grain  supplement,  in  times  of  adverse 
weather  conditions.  However  further  research  on  the  effects 
of  cold  on  substrate  utilization  is  required  before  we  can 
assess  its  effect  on  production  and  hence  make  unqualified 
recommendations  for  feed  and  maintenance. 
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SUMMARY  AND  CONCLUS IONS 


The  effects  of  acute  and  chronic  cold  on 
carbohydrate  and  fat  metabolism  in  ruminants  were  studied. 
Six  closely  clipped  mature  ewes  were  used  in  both  fed  and 
fasted  states.  The  sheep  were  either  warm  or  cold 
conditioned  by  maintaining  them  at  18  or  -2°C  respectively. 
Measurements  were  taken  at  the  respective  conditioning 
temperatures  and  when  both  groups  of  sheep  were  acutely 
exposed  to  -24°C.  Additional  measurements  were  taken  when 
the  cold  conditioned  sheep  were  acutely  exposed  to  18°C. 
Isotopically  labelled  palmitate  or  glucose  was  infused  into 
the  sheep  throughout  each  measurement  period  in  order  to 
monitor  glucose  or  palmitate  metabolism.  The  analysis  of 
labelled  palmitate  from  plasma  was  not  satisfactory  and 
therefore  the  estimates  of  palmitate  utilization  were  based 
on  the  plasma  palmitate  concentrations  and  the  specific 
activity  of  CC>2  produced. 

The  hematocrits  and  metabolic  rates  were  found 
to  be  higher  and  the  respiratory  quotients  lower  in  most 
cases  during  cold  exposures  (-2  and  -24°C)  compared  to 
warm  exposures  (18°C) . 

Chronic  cold  exposed  sheep  in  a  fed  state  were 
found  to  have  an  average  glucose  flux  of  3.13  mg/minAg, 
glucose  oxidation  of  0.72  mg/min/kg/  palmitate  flux  of  2.30 
mmole  s/mi  nAg  and  palmitate  oxidation  of  0.7  0  mmole/minAg 
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compared  to  1.24  mg/min/kg,  0.23  mg/min/kg,  1.59  mmole/ 
min/kg  and  0.36  mmole/min/kg  respectively  for  chronically 
warm  exposed  sheep.  The  percent  of  the  heat  production 
derived  during  chronic  cold  from  glucose  was  125%  and  from 
palmitate  28%  higher  than  that  observed  in  the  chronically 
warm  exposed  sheep.  In  fasted  sheep  the  response  of  glucose 
and  palmitate  flux  and  oxidation  to  chronic  cold  was  similar 
but  smaller  than  that  for  fed  sheep.  There  was  little 
change  in  the  proportion  of  the  heat  production  derived 
from  either  substrate  due  to  chronic  cold  exposure  when 
sheep  were  in  a  fasted  state. 

The  cold  conditioned  sheep  exposed  to  acute 
warm  (18°C)  were  found  to  have  elevated  resting  metabolic 
rates  when  both  fed  and  fasted.  Both  glucose  and  palmitate 
oxidation  were  slightly  higher  in  the  cold  conditioned 
sheep  at  18°C  compared  to  the  warm  conditioned  sheep  at  18°C. 

The  exposure  of  fed  warm  conditioned  sheep  to 
acute  cold  resulted  in  significant  increases  in  glucose 
and  palmitate  flux.  The  oxidation  rates  of  the  two 
substrates  were  increased  by  more  than  400%  by  exposure  to 
acute  cold  and  hence  the  proportion  of  the  heat  production 
derived  from  the  two  substrates  measured  increased 
significantly.  Fasting  lowered  the  response  observed 
when  warm  conditioned  sheep  were  exposed  to  acute  cold 
however,  the  changes  in  both  glucose  and  palmitate 
metabolism  were  significant. 
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Fed  cold  conditioned  sheep  exposed  to  acute  cold 
were  also  found  to  have  increased  fluxes  and  oxidation  rates 
of  both  palmitate  and  glucose  however,  the  relative  increases 
were  not  as  great  as  those  observed  for  fed  warm  conditioned 
sheep.  In  the  fasted  animals  there  was  little  change  in 
the  flux  of  either  palmitate  or  glucose  although  the  rate 
of  oxidation  of  these  substrates  was  increased  when  exposed 
to  acute  cold. 

Cold  conditioned  sheep  exposed  to  acute  cold 
(-24°C)  had  higher  rates  of  glucose  flux  and  oxidation  and 
lower  rates  of  palmitate  flux  and  oxidation  than  warm 
conditioned  sheep  exposed  to  acute  cold  when  in  a  fed  state, 
however  when  in  a  fasted  state  all  these  parameters  were 
lower  for  the  cold  conditioned  sheep. 

The  contribution  of  FFA  and  glucose  to  heat 
production  in  sheep  is  increased  by  exposure  to  both  acute 
and  chronic  cold  whereas  fasting  increases  the  FFA 
contribution  but  decreases  the  contribution  of  glucose. 

Cold  conditioning  increases  the  sheeps  capacity  for  glucose 
utilization,  however  a  glucose  sparing  mechanism  also 
comes  into  play  and  becomes  very  active  in  the  fasted 
animal • 

It  is  now  apparent  that  glucose  as  well  as 
FFA  contribute  to  cold  thermogenesis  in  ruminants. 
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APPENDIX  B1 


Isolation  of  Glucose  as  Glucose  Pentaacetate  for  the 

Determination  of  Specific  Activity 


This  procedure  is  based  on  the  procedure  of  Jones 

(1965) . 

Reagents  -  Stable  tungstic  acid  (Hycel) 

Glacial  acetic  acid 
Distilled  water 
Acetic  anhydride 
Postassium  acetate 

Carrier  solution  -  50  mg/ml  glucose  in  0.2% 

benzoic  acid 

Scintillation  fluid 

-  12  g  25-diphenyloxazole 

-  0.3g  p-bis  [ 2- (5-phenyloxazolyl) ]  benzene 

-  31  of  toluene 


Procedure 

1)  3  ml  of  plasma  were  added  to  12  ml  of  stable  tungstic 
acid,  shaken  vigorously,  let  stand  20  min  and  centrifuged 
at  1000  X  g  for  20  min. 

2)  10  ml  of  the  supernatant  were  added  to  3  ml  of  carrier 
solution  and  5  drops  of  glacial  acetic  acid  in  a  50  ml 
beaker.  The  solution  was  then  evaporated  to  dryness. 

3)  1 . 5  ml  of  acetic  anhydride  and  60-70  mg  potassium  acetate 
were  added  to  the  beaker.  The  beaker  was  then  covered 
with  aluminum  foil  and  incubated  at  80-90  C  for  45-60  min 

4)  15  ml  of  hot  distilled  water  was  added  and  the  solution 
boiled  for  2-3  min  or  until  all  oily  globules  disappeared 

5)  The  solution  was  immediately  filtered  through  a  heated 
filter  into  a  centrifuge  tube  by  vacuum,  cooled  and 
centrifuged  at  10,000  X  g  (Temp,  of  cent.  =  4°C) 

The  supernatant  was  decanted  and  15  ml  of  hot  distilled 
water  was  added  to  the  precipitate.  The  precipitate 
was  redisolved  by  heating  in  a  boiling  water  bath  and 
stirring. 


6) 
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7)  The  solution  was  cooled  and  centrifuged  at  10,000  X  g 
for  10  min  (Temp,  of  cent.  =  4°C. 

8)  Step  6  was  repeated. 

9)  The  solution  was  cooled  and  the  crystals  formed  were 
collected  on  filter  paper  (Whatman  #1)  and  washed  with 
cold  water. 

10)  The  crystals  were  placed  in  a  tared  scintillation  vial, 
dried  for  1  h  at  105°C  and  then  placed  in  a  dessicator 
to  cool. 

11)  The  scintillation  vial  with  crystals  was  weighed  and 
then  15  ml  of  toluene  based  scintillation  fluid  was 
added.  The  activity  of  this  solution  was  read. 
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APPENDIX  B2 


Extraction  of  FFA  from  Plasma 


(1965)  . 


This  procedure  is  based  on  the  procedure  of  Jones 


Reagents  -  Dole's  reagent 

-  40  parts  by  vol.  isopropyl  alcohol 

-  10  parts  by  vol.  heptane 

-  1  part  by  vol.  in  HC1 

Standard 

-  75  mg  arachidic  acid  per  litre  of  heptane 

Distilled  water 

Heptane 

n-Pentane 

IN  NaOH 

IN  HC1 

Thymol  blue 

-  0.01%  in  70%  methanol 


Procedure 

1)  4  ml  of  plasma  were  shaken  with  20  ml  of  Dole's  reagent 
in  50  ml  screw  cap  test  tubes  and  then  let  stand  for 

5  min. 

2)  6  ml  of  standard,  8  ml  of  distilled  water  and  6  ml  of 
heptane  were  added.  The  tubes  were  shaken  and  then 
allowed  to  stand  for  10  min. 

3)  The  upper  heptane  layer  was  transferred  to  a  clean  test 

tube  and  1  ml  of  thymol  blue  was  added,  shaken  and  let 

stand.  (Yellow) 

4)  IN  NaOH  was  added  a  drop  at  a  time  until  the  solution 
became  alkaline.  (Blue) 

5)  The  lower  blue  layer  was  transferred  to  a  clean  test 
tube  and  washed  twice  with  5  ml  of  pentane.  The  pentane 
was  discarded. 

6)  IN  HC1  was  added  a  drop  at  a  time  until  the  solution 

became  acidic  (Red)  and  then  this  phase  was  extracted 

twice  with  5  ml  of  heptane. 


. 


. 


The  two  pentane  extracts  were  combined  in  a  clean  tube 
and  evaporated  to  dryness  under  nitrogen  for  methylation. 


APPENDIX  B3 


Methylation  of  FFA 


Reagents  -  Melthylation  reagent 

-  35%  Boron  trifluoride  solution 

-  10%  Boron  trifluoride  in  methanol 

20%  n-pentane 

45%  methanol 

Distilled  water 
n-Pentane 


Procedure 


1)  5  ml  of  methylation  reagent  were  added  to  the  dried 
FFA  extract  under  nitrogen  and  then  the  tubes  were 
tightly  sealed  with  screw  caps. 

2)  The  tubes  were  heated  in  a  boiling  water  bath  for  30 
minutes  and  then  cooled. 

3)  5  ml  of  water  were  added  and  then  extracted  twice 
with  5  ml  of  pentane. 

The  pentane  extracts  were  combined,  sealed  under 
nitrogen  and  stored  at  15  C  for  isolation  of  the 
individual  FFA. 


4) 
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APPENDIX  C 


Measurements  by  Trial 


Appendix 
Table _ _ 

c 

Glucose  trials 
Cl 
C2 
C3 
C4 
C5 
C6 
Cl 
C8 
C9 
CIO 
Cll 
C12 
C13 
C14 
C15 
C16 
C17 
C18 


Sheep  Nutritional  ^Measurement 

Status  aCondition  Temp.  (°C)  Page 


1080  Fed 
1090  Fed 
1020  Fed 
1110  Fed 
1330  Fed 
1530  Fed 
1080  Fasted 
1090  Fasted 
1020  Fasted 
1110  Fasted 
1330  Fasted 
1530  Fasted 
1110  Fed 
1330  Fed 
1530  Fed 
1110  Fasted 
1330  Fasted 
1530  Fasted 


Warm 

18,  -24 

129 

Warm 

18,  -24 

130 

Warm 

18,  -24 

131 

Cold 

18,  -24 

132 

Cold 

18,  -24 

133 

Cold 

18,  -24 

134 

Warm 

18,  -24 

135 

Warm 

18,  -24 

136 

Warm 

18,  -24 

137 

Cold 

18,  -24 

138 

Cold 

18,  -24 

139 

Cold 

18,  -24 

140 

Cold 

-2 

141 

Cold 

-2 

142 

Cold 

-2 

143 

Cold 

-2 

144 

Cold 

-2 

145 

Cold 

-2 

146 

Palmitate  trials 


C19 

1080 

Fed 

Warm 

18,  -24 

147 

C20 

1090 

Fed 

Warm 

18,  -24 

148 

C21 

1020 

Fed 

Warm 

18,  -24 

149 

C22 

1110 

Fed 

Cold 

18,  -24 

150 

C23 

1330 

Fed 

Cold 

18,  -24 

151 

C24 

1530 

Fed 

Cold 

18,  -24 

152 

C25 

1080 

Fasted 

Warm 

18,  -24 

153 

C26 

1090 

Fasted 

Warm 

18,  -24 

154 

C27 

1020 

Fasted 

Warm 

18,  -24 

155 

C28 

1110 

Fasted 

Cold 

18,  -24 

156 

C29 

1530 

Fasted 

Cold 

18,  -24 

157 

C30 

1110 

Fed 

Cold 

-2 

158 

C31 

1530 

Fed 

Cold 

-2 

159 

C32 

1110 

Fasted 

Cold 

-2 

160 

C33 

1530 

Fasted 

Cold 

-2 

161 

a  Sheep  were  maintained  at  either  18°C  (warm)  or  -2°C  (cold) . 

k  Measurements  taken  at  approx.  18,  -2  and  -24°C  were 
summarized  in  the  Results  section  p.  34. 

Q 

In  appendices  C1-C18,  the  first  value  listed  after  the 
heading  INF  (uc  X  10"4/min)  is  the  rate  of  U-14c-glucose 
infusion  and  the  second  value  is  the  rate  of  l-3H-glucose 
infusion.  Both  radioisotopes  were  included  in  the 
infusates,  however,  measurements  for  1-  H-glucose  were  not 
used  in  the  Results  section  since  they  did  not  appear  to 
yeild  any  additional  information. 
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APPENDIX  D 


Composition  of  Plasma  Free  Fatty  Acids 


The  composition  of  the  plasma  FFA's  from  the 
palmitate  trials  is  shown  below  along  with  the  heat  of 
combustion  of  each  of  the  FFA's  measured.  These  values 
have  been  multiplied  together  to  give  the  relative  amount 
of  energy  in  each  FFA  fraction. 


Mean  Value  (range)  Heat  of  Combustion 


FFA 

(umole/100  umole) 

(cal/umole  FFA) 

(cal/100  umole) 

16:0 

17.8 

(13.3-21.6) 

2.398 

42.69 

16:1 

2.4 

(  1.1-  5.5) 

2.355 

5.65 

17:0 

2.4 

(  1.1-  5.0) 

2.554 

6.13 

17:1 

1.3 

(  0.1-  4.0) 

2.510 

3.26 

18:0 

25.7 

(11.6-35.4) 

2.712 

69.69 

18:1 

39.5 

(31.5-49.0) 

2.666 

105.30 

18:2 

7.5 

(  3.7-16.1) 

2.623 

19.67 

18:3 

3.1 

(  1.4-  5.2) 

2.579 

8.00 

260.39 


The  percent  of  the  plasma  FFA  energy  contained  in 
the  palmitate  fraction  = 


42.69 

260.39 


X  100  = 


*16.3% 


*  This  value  should  probably  be  slightly  lower  since  it 
does  not  account  for  the  FFA's  with  chain' lengths  less 
than  16:0. 


■ 


